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PREFACE 

TO THE SEVENTH EDITION. 



It has been found necessary to still further subdivide this 
wide and all-important subject of Advanced Applied Mechanics 
and Mechanical Engineering. 

In order to do so with the least departure and derange- 
ment of the previous volumes and editions, it has been 
advisable and convenient to follow the recent subdivision of 
this subject as stated in the "Rules and Syllabus of Exam- 
inations applying to the Election of Associate Members of 
The Institution of Civil Engineers.'' 

Moreover, this particular method of subdivision is practised 
by several Universities and Technical Colleges. It is also 
being advocated by Teachers in connection with the Boards 
of Education, and, to a certain extent, by those connected with 
the City and Guilds of London Examinations in Mechanical 
Engineering. 

Consequently, Volume I. will deal with "Applied Mechanics" 
proper, Volume II. will discuss and give practical illustrations 
of " Strength and Elasticity of Materials," Volume III. will 
be confined to "The Theory of Structures," Volume IV. to 
"Hydraulics, Hydraulic and Refrigerating Machinery," whilst 
Volume V. will be greatly enlarged, and treat upon " The 
Theory of Machines." 



VI PREFACE. 

Separate Coateats and Index have been carefully arranged 
for each Yolume. These enable students to find the details 
and pages where the different subjects are treated. The 
Author's system of Engineering Symbols, Abbreviations, and 
Index Letters have been printed at the beginning of each 
volume. 

It is thus hoped, that the size and cost of each volume 
will suit the requirements of every Student of Engineering. 

The Author has again to thank his chief assistant, Mr 
John Ramsay, A.M.Inst.C.E., for his help, and his Publishers 
for the special care with which they have prepared these five 
volumes. The Author is specially indebted to Professor 
Alexander MacLay, B.Sc, C.E., and the Technical Publishing 
Company, Ltd., Manchester, for permission to abstract certain 
parts and figures from his excellent book on " Lod in 
Mechanical Drawing, including Point Paths in Mechanisms." 
These additions appear in Vol. V. upon the " Theory of 
Machines," along with the new Lectures dealing with the 
" Kinematics of Machinery." 

The Author will feel much obliged to Engineers, Teachers, 
his B.Sc. and O.E. ''Correspondence Students," also to any 
other Students of Engineering, for hints which may tend 
to further enhance the attractiveness and usefulness of these 
works. 

ANDREW JAMIESON. 



dmsuLtiing Engineer and Electrician, 

16 RosSLYN Terrace, Kelvinsidb, 

Glasgow, September, 1909. 



INSTRUCTIONS FOR ANSWERING HOME EXERCISES. 

{Ax used in my Ungmeering and Electrical Science Correspondence System.) 



1. Use ordinary foolscap paper, and write on the left side only, leaving 
the facing page blank for my corrections and remarks. 

2. Put the date of the Exercises at the left-hand top comer; your Name 
and Address in full, the name of the Subject or Section, as well as number 
of Lecture or Exercise, in the centre of the first page. The number of 
each page should be put in the right-hand top corner. 

3. Leave a margin IJ inches wide on the left-hand side of each page, 
and in this margin place the nuniber of the question ajtd nothing more. 
Also, leave a clear space of at least 2 inches deep between your answers. 

4. Be sure you understand exactly what the question requires you to 
answer, then give all it requires, but no more. If unable to fully answer 
any question, write down your own best attempt and state your difficulties. 

5. Make your answers concise, clear, and exact, and always accompany 
them, if possible, by an illustrative sketch. Try to give (1) Side View, 
(2) Plan, (3) End View. Where asked, or advisable, give Sections, or 
Half Outside Views and Half-Sections for (1), (2), and (3). 

6. Make all sketches large, open, and in the centre of the page. Do not 
crowd any writing about them. Simply print sizes and index letters (or 
names of parts), with a, bold Sub-heading of what each figure or set of 
figures represent. 

7. The character of the sketches will be carefully considered in awarding 
marks to the several answers. Neat sketches and " index letters," having 
the first letter of the name of the part, will always receive more marks 
than a bare written description. 

8. All students are strongly recommended to Jirst thoroughly study the 
Lecture, second to work out each answer in scroll, and third to compare it 
with the question and the text-book in order to see that each item has 
been answered. The final copy should be done without any aid or 
reference to the scroll copy or to any text-book. This acts as the best 
preparation for sitting at Examinations. 

9. Reasonable and easily intelligible contractions {e.g., mathematical, 
mechanical or electrical, and chemical symbols) are permitted. 

10. Each corrected answer which has the symbols K. W. marked there- 
upon must be carefully re-worked as one of the set of answers for the 

following week. 

ANDREW JAMIESON. 

16 ROSSLTM TEBRAOB, KBI,VINSU)E, GLASOOW. 
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MECHANICAL ENGINEERING SYMBOLS, ABBREVIATIONS, 

AND INDEX LETTERS 

USED IN VOLUMES I. TO V. 

Op Professor Jamieson's "Applied Mechanics.'' 



Prefatory Note. — It is very tantalising, as well as a great 
inconvenience to Students and Engineers, to find so many 
different symbol letters and terms used for denoting one and 
the same thing by various writers on mechanics. It is a pity, 
that British Civil and Mechanical Engineers have not as yet 
standardised their symbols and nomenclature as Chemists and 
Electrical Engineers have done. The Committee on Notation 
of the Chamber of Delegates to the International Electrical 
Congress, which met at Chicago in 1893, recommended a set 
of " Symbols for Physical Quantities and Abbreviations for 
Units," which have ever since been (almost) universally adopted 
throughout the world by Electricians.* This at once enables 
the results of certain new or corroborative investigations and 
formulae, which may have been made and printed anywhere, 
to be clearly understood anywhere else, without having to 
specially interpret the precise meaning of each symbol letter. 

In the following list of symbols, abbreviations and index 
letters, the first letter of the chief noun or most important 
word has been used to indicate the same. Where it appeared 
necessary, the Jia-st letter or letters of the adjectival substantive 
or qualifying words have been added, either as a following or 
as a subscript or suffix letter or letters. For certain specific 
quantities, ratios, coeificients and angles, small Greek letters 
have been used, and I have added to this list the complete 
Greek alphabet, since it may be refreshing to the memory of 
some to again see and read the names of these letters, which 
were no doubt quite familiar to them when at school. 

•These " Symbols for Physical Quantities and Abbreviations for Units" 
will be found printed m fuU in the form of a table at the oommenoement 
of Munro and Jamieson's Pocket-Book of Electrical Rules and Tables. K 
a similar recommendation were authorised by a committee composed of 
delegates from the chief Engineering Institutions, it would be gladly 
adopted by "The Profession in the same way that the present work of 
" The Engineering Standards Committee " is being accepted. 



SYMBOLS, ETC. 



Tablb of Mechanical Engineering Quantities, Symbols, Units 

AND THEIB ABBBEVIATIONS. 

(As used in Vols. I. to V. of Prof. Jamieson's "Applied Mechanics.") 



Quantities. 


Symbols. 


Defining 
Dquations, 


Practical Units. 


Abbrevia- 
tions of the 
Piactical 
Units. 


Fundamental. 






(Yard, . 


yd. 


Length, . 


L,l 


... 


^Foot, . 
/inch, . 


ft. 
in. 


Mass, 


M,m 


... 


Pound, . 
( Second, 


lb. 

s. 


Time, . 


T,t 


• •• 


\ Minute, 
( Hour, . 


m. 
h. 


Geometric. 










Surface, . 


S,s 


8 = L^ 


f Square foot, . 
\ Square inch, . 


sq. ft. 
sq. in. 
cb. ft. 
cb. in. 


Volume, . 


V 


V^L^ 


( Cubic foot, . 
\ Cubic inch, . 








> Degree, 


r 








1 Minute, 


1' 


Angle, -£: . 




arc 


i Second, 

i „ ,. 180° 


1" 


radius 








1 Radian = 

\ IT 


rn. 


Mechanical. 




L 


V 


8. 


Velocity, 


V 


Foot per second, . 






ti ft 


( Revs, per second, . 


r.p.s. 


Angular velocity, . 


w 


V (7 

" = 1 = 1 


} Revs, per minute, 
( Radians per second, 


r.p.m. 

ft. 


Acceleration, . 


a, 9 


V 


Foot per sec. per sec. 


/ 






( Pound weight ) 


lb. wt. 




FJ 




\ (gravitational > 


(or lb.) 


Force, , . . <[ 






1 unit), \ 






W,w 


F=Ma 


( Poundal (absolute \ 
\ unit), / 


pdl. 


Pressure (per unitl 
area), J 


V 


F 
^ = 7 


Pound per sq. inch, 


lb. n" 


Work, . . . 


(W%) 


Wh = FL 


Foot-pound, . 


ft. -lb. 


Potential energy, . 


E, 


Ep= Wh 


Foot-pound, . 


ft.-lb. 


Kinetic energy, 


E^ 


Wh 


Foot-pound, . 


ft. -lb. 






Horse power, 


H.P. 


Power or activity, . 


HP 


H.P. = ~ 


< Ft. -lb. per rain., . 


£t.-lb./m. 




Ft. -lb. per sec, . 


ft.-lb./s. 


Moment of inertia, . 


/ 


I=Mlfi 




lb. -ft. 2 






M 


I Pound per cb. ft., . 


lb. 
ft.3 


Density, . 


P 


"=7 


] 


lb. 






1 Pound per cb. in.,. 


in.3 



SYMBOLS, KTC. 



OTHER SYMBOLS AND ABBREVIATIONS IN VOLS. I. TO V. 



A for 

B,6 „ 

C, c, i „ 

eg- ,. 
D.d „ 



E 

« .. 

/•i/t 1, 

H, A ,, 

H.R,h.p. „ 

B.H.P. „ 

E.H.P. „ 

LH.P. „ 



N, n„ 



E1R2 ,, 



SP ., 

TM „ 

TR „ 

BM „ 

MR „ 

RM „ 

T* T. .., 



W.,Wt,W„ 



Areas. 

Breadths. 

Constants, ratios. 

Centre of gravity. 

Diameters depths, de- 
flections. 

Drivers in gearing. 

Modulus of elasticity. 

Velocity ratio in wheel 
gearing. 

Followers in gearing. 

Forces of shear and 
tension. 

Heights, heads. 

Horse-power. 

Brake horse-power. 

Effective „ 

Indicated ,, 

Radius of gyration, or, 
Coef . of discharge in 
hydraulics. 

Numbers — e.g., num- 
ber of revs, per min. , 
number of teeth, &c. 

Push or pull forces. 

Reactions, resultants, 
radii, resistances. 

! Seconds, space, sur- 
face. 
Displacement, dis - 
tanoe. 
Shearing force. 
Torsional moment. 
Torsional resistance. 
Bending moment. 
Moment of resistance. 
Resisting moment. 
Tensions on driving 
and slack sides of 
belts or ropes, &;c. 
Lost, total, and useful 
work. 



X, y, z for Unknown quantities. 
Z ,, Modulus of section. 
Z» ,, ,, tension. 

Zj „ ,, compression. 



A. «. 



d for Differential signs which are 
prefixed to another letter ; 
then the two together re- 
present a very small 
quantity. 

e ,, Represents base of Naperian 
Logs=2'7182; for example, 
log,3 = l-l. 

n ,, E£Sciency. 

X , , Length ratio of ship to model. 

1^ ,, Coefficient of friction. 

T „ Circumference of a circle -r its 
diameter. 

P ,, Radius of curvature, radian. 



Sfor 



/ 



Symbol for sum total of a 
number of quantities. 

Sign of integration or sum- 
mation between limits 
and X. 

Sign for the diflerence be- 
tween two quantities. 

Sign for square — e.g., 10 a" = 
10 square inches. 

Sign over two letters, PQ, 
for a force acting from P 
to— >Q, means that they 
represent a vector quantity, 
which has (1) magnitude, 
(2) direction, (3) sense. 

Sign for equal to or greater 
than. 

Sign for equal to or less than. 
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STRENGTH OF MATERIALS.-STRESS, STRAIN, 
ELASTICITY, FACTORS OF SAFETY, RESILIENCE, 
CYLINDERS, CHAINS, SHAFTS, BEAMS, AND 
GIRDERS. 

LECTURE I. 

CoNTKNTS. — Stress — Definition of Intensity of Stress — Relation between 
Normal and Tangential Stresses— Strain — Example I. —Coe£^cient or 
Young's Modulus of Elasticity — Limit of Blastioity — Work done in 
Stretching a Bar— Resilience —Example II. — Sudden Pull or Live 
Load— Shrunk Rings — Example III. — Strength of Thin Cylinders — 
Helical Seams — Strength of Thick Cylinders — Example IV. — Strength 
of Suspended Chains and Wires — Example V. — The Catenary Curve 
with Origin at a Definite Distance below its Vertex — Questions. 

Stress. — When a piece of material is subjected to the action of 
ejcternal forces they tend to cause the material to change its 
shape or form. The particular way in which the change takes 
place depends upon the manner in which the load is applied. 
This tendency gives rise to certain forces within the material 
which offer resistance to the change. These internal forces are 
generally called stresses; but the term Stress which we have now 
to consider has a somewhat more definite meaning. By the 
principle of the equality of action and reaction, we know that so 
long as no rupture of the material takes place, the algebraic sum 
of the components of the internal forces in the direction of the 
load at any section of the material must be equal to the load. 
This principle enables us to express the internal in terms of the 
external forces. It is a fundamental fact that, for a given load, 
the amount of resistance to be contributed by each individual 
fibre or part composing a section will be less or greater, accord- 
ing as the number of such fibres or parts is greater or less; or as 
we usually regard it, according as there is more or less area of 
section. This introduces us to the conception of distributed 
force, and paves the way towards gaining definite and clear ideas 
regarding the strength of materials. 

Definition. — Intensity of stress is the resistance or reaction 
due to a load per unit area of section. For brevity it is usually 
called the Stress. Stresses may be of three different kinds, 
depending on the direction of the applied force with reference to 
the section on which the stress is estimated. 

(1) If the applied force is normal or at right angles to the 
section, and acting away from it, the stress is called tensile. 
2 1 
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(2) If acting towards the section, the stress is termed compressive 

(3) If the direction of the applied force be parallel to the 
section, then the stress is named a shearing stress. 

It is evident that if the applied force be acting in a direction 
inclined to the given section, it -will cause both a shearing and a 
direct stress, the latter being tensile or compressive, according 
as the force is directed away from or 
towards the section. 

When the applied force acts in such a 
way that we know that its effect is uni- 
formily distributed over the section we are 
considering, then we estimate the stresses 
as follows : — 



Let P„ = The applied load (or its com- 
ponent) acting normally to the 
section in lbs. or tons. 

„ A = The area of the section (usually 
in square inches). 

„ / = The direct stress, which maybe 
either tensile or compressive. 

„ Pe = The applied load (or its com- 
ponent) acting tangentially 
to the section in lbs. or tons. 
The shearing stress. 




)! Ja 

Then, 



And, 



/=^ 



/. 



1» 
A' 

A ■ 



Illusiratino Kobmal 
AND Tangential 

Stbesses. 



(I) 



Relation between Normal and Tangential Stresses. — Let 
abed be the section of a bar normal to the direction of the 
applied force P, and efgh another section making an angle i, 
with the direction of P ; and let the area of a 6 c (2 be A square 
inches. 

Thus, the stress on abed ia : — 



/ = 



A' 



But, on the area e/g h, we have a normal force :— 
P„ = P sin e, 

And a tangential force : — 

Pt = P cos e. 

area abed _ A 
sin i sin f 



Now, the area efgh = 



COEFFICIENT OR MODULUS OP ELASTICITY. 3 

It/n S'ldyi ^^ the normal and tangential stresses on the section 
e/gh, 

We have :— / = — iL = 4-. sin^ t = f. sin^ 6. 

■'« A A 

sin d 

Similarly, we get:—;/ = /. sin i . cos &. 

Strain. — When a piece of material, such as a bar of iron, is in 
tension or compression under the action of an applied force P, 
the bar will, in consequence, be lengthened or shortened by an 
amount depending on the extent to which it is stressed. The 
ratio which this change of length bears to the original length of 
the bar is called the strain due to P. Or in symbols, — 

If, L = Original length of bar in inches. 

And, I = Ohange of length of bar also in inches. 

We have :— Strain = -|- (II) 

Since L and I are both actual lengths, measured by some 
common unit, the student should carefully note that strain, as 
thus defined, is merely an abstract ratio, and not a quantity, for 
it is independent of the units employed. 

Example I. — A tie-rod, 100 ft. long, is stretched f of an inch 
by the action of a certain force ; what is the strain 1 

Here, L = 100 x 12 = 1,200 inches, 

And, I = 0-75 inch. 

Strain = ^ = 0-000625. 

Coefficient, or Modulus of Elasticity. — Experiment has demon- 
strated that for most materials used in engineering there is 
a very simple law connecting stress and strain, which is fairly 
well defined within certain limits. The stress is proportional 
to the strain, so long as the stress does not exceed a certain 
value, which, of course, is different for different materials and 
for different qualities of the same material. For example, 
if the stress be doubled, the strain will be doubled, or if the 
stress be reduced to one-half, the strain will also be halved, and 
so on. The limit beyond which this law does not hold is termed 
the Limit of Elasticity. When this limit is exceeded, the strain 
increases at a much greater rate than the stress producing it. 
Within the limit of elasticity, the material returns to its 
original state when the load is removed; but when stressed 
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beyond this, the material does not do so, but retains a permanent 
set. In the following investigations the stress, in all cases, is 
assumed to be within the elastic limit : — 

Consequently, ^v — — = E (a constant) (Ill) 

This E is termed Young's Modulus of Elasticity, or more appro- 
priately by some writers the CoefBclent of Elasticity. 

Another way of exhibiting the relation subsisting among the 
various quantities we have been discussing, is to combine equa- 
tions (I), (II), and (III) in such a way, as to express the stress 
and strain in terms of loads and dimensions. 

Thus, E=|^i; 

Or, PL = AiE (IV) 

Ultimate Strength. — The ultimate strength of a material is 
the resultant stress which produces rupture. It is usually 
reckoned as so many lbs. or tons per square inch of the section 
of the material. It is always understood that the section taken 
is the original section of the bar, and not that at the instant 
and point of fracture. 

Working Load. — The working stress on a member of any 
structure is the maximum stress to which it is subjected in 
actual practice. 

Factors of Safety. — The ratio of the idtimate strength or 
limiting stress to the safe working load, is termed the fcuctor oj 
safety of the material. To determine the proper value of the 
"factor of safety," a number of considerations must be taken 
into account. A great deal depends on the quality of the 
materials and upon the manner in which different structures 
are stressed, such as the action and frequency of the working 
load. 

1st. The load may be a constant dead load — i.e., one which is 
steady and produces no appreciable vibration. 

2nd. The load may be a Vive load, such as a regiment of 
walking soldiers, or a rolling load, in the case of a moving 
railway train, passing over a bridge. 

3rd. Where the quality of materials is variable or liable to 
change, the factor of safety must be larger, than for more uniform 
materials and for those which are less affected by exposure to 
atmospheric and other deteriorating influences. 

4th. In structures where the whole load cannot be ascertained 
with accuracy, the factor of safety must be increased, to allow 
for the unknown stressing actions. 
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5th. In some structures, there is a liability to a sudden increase 
in the •working load. Thus, in the case of a crane, -where the 
weight may be allowed to descend rapidly and then be suddenly 
stopped, thiB maximum stress may be very much greater, than 
that due to the statical weight. 

It is, therefore, necessary, that these special stresses be duly 
allowed for in the "factor of safety." 

Table of Ultimate Strength and Woeking Stress of Mate- 
rials WHEN IN Tension, Compression, and Shearing. 



Materials. 


intimate Strength. 
Tons per sq. inch. 


Working Stress. 
Tons per sq. inch. 


Ten- 
sion. 


Com- 
pression. 


Shear- 
ing. 


Ten- 
sion. 


Com- 
pression. 


Shear- 
ing. 


Cast iron, . 
Wrought-iron bars, . 
Steel bars, . 
Copper bolts. 
Brass sheet. 


7-5 
25 
45 
15 


45 
20 
70 
25 


14 
20 
30 


1-5 

5 

9 

3 

3 


9 

3-5 

9 

5 


3 
4 
5 



Table op Factors of Safety.* 



Material. 


Factoks op Safety roB 


A Dead 
Load. 


A Live or Varying 
Load producing 


In 

Structures 
subject to 

Varying 
Loads and 

Shocks. 


Stress of 

one kind 

only. 


Equal 

Alternate 

Stresses 

of different 

kinds. 


Cast iron, and brittle metal 
and alloys 

Wrought iron and mild steel, . 

Cast steel, .... 

Copper and other soft metals 
and alloys 

Timber, 

Masonry and brickwork, 


4 
3 
3 

5 

7 
20 


6 
S 
5 

6 
10 
30 


10 

8 
8 

9 
15 


15 
12 
15 

15 

20 



* These numbers were taken from Prof. Unwin's El&menta of Machine 
Design, die. They are all larger and safer than those given in Prof. 
Bac^ine's Rides and Tables. — A.J. 
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To find the Factor of Safety for a, Mixed Load. — " Given the 
proportions of live and dead load on a structure, to find the 
factor of safety for a mixed load ; multiply the factor of safety 
for a dead load, by a number proportional to the dead part of 
the load, and the factor of safety for a live load by the number 
proportional to the live part of the load ; add together the pro- 
ducts, and divide by the sum of the multipliers." — (Bankine.) 

EzAUPLB. — In an iron bridge, suppose 

Dead load : live load : : 5 : 4. 

Then, from the above table, we get (3 x 5) + (5 x 4) = 35 ; 
and 35 -4- (5 + 4) = 4, as the factor of safety for mixed loads. 

Work done in Stretching a Bar. — Resilience. — If a load of 
gradually increasing amount be applied to a bar so as to stretch 
it, the amount of actual stretch, or elongation of the bar will, 
with the limitations already specified, be directly proportional to 
the load producing it. A diagram might, therefore, be drawn to 
represent graphically the work done in stretching the bar, as 
explained in Lecture II. of Volume I. The area of the diagram 
would represent the work done. The load will increase uni- 
formly from to P. The mean value of the force doing the 
work is, therefore, ^ P, and the stretch or displacement is I. 
Hence, we have for the work done : — 

W = 1 P ;. 

But from equations (I) and (III) — 

P=/A, and?=-^. 



Hence, ^ = "^ ** ~2 



/' -. AL 

(V) 



^2 

Or, W = <=■ X ^ volume of the bar, 

The work done is therefore proportional to the volume of the 
bar, or to its weight. 

When the bar is loaded to its elastic limit, or proof stress, as 
it is sometimes called, then the work done in stretching it is 

termed the Resilience of the bar, and the ratio "^ is its Modulus 

or Coefficient of Resilience. 
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Example. 11. — What is the resilience of a material ? If a 
wrought-iron tie bar, 5 feet long and 3 inches in diameter, has a 
limit of elasticity of 15 tons per square inch, and a modulus of 
elasticity of 30,000,000 lbs. per square inch, what is its resilience? 

(Take •!r=y.) (Adv. S. & A. Exam. 1893). 

Answer.—/ = 15 x 2240 lbs., E = 30,000,000 lbs. per square 

1 22 
inch, A = -J X -=- X 3* square inches, and L = 5 feet. 

— X 3^ X 5 
••• Resmence = ^^^^^ x '-^ = 665-28 ft.-lbs. 

Sadden Pull, or Live Load. — We have just seen that a constant 
force of ^F lbs. acting through a distance of I feet will do the 
same amount of work in stretching a bar as would a load 
gradually increasing from zero to P lbs. ; therefore, the strain 
produced by a siidden pull of JP lbs. is the same as that due 
to P lbs. applied gradually. It follows, therefore, that if P be 
applied suddenly, but without initial velocity, the strain will be 
doubled, and the work done will be : — 

W = Px 2Z = 2PZ ft.-lbs. 

Or, in words, the work done on the bar by a suddenly 
applied or Uve load P, is fova- times that done by a gradually 
applied or dead had of the same amount. 

Shrunk Rings. — In the construction of built-up guns, the 
process consists in shrinking on a series of concentric rings, each 
ring griping the next inner one with a certain pre-determined 
tension. 

The, reason for this arrangement will be better understood 
when we come to deal with the strength of thick cylinders. 
The principles set forth in the preceding sections enable us to 
calculate the dimensions of rings to give a certain grip. 

liOt D = The external diameter of an inner ring. 
„ d = The internal diameter of the next outer ring. 
„ y= The required tension. 

When the outer ring is shrunk on, its diameter is then D. 
The inner fibres of this ring are then stretched by an amount 
<r (D — d)j and by definition, we have : — 

„, . IT (D-d) D-d 
Strain = — 5 j-^ = — = — 
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If E denote the modulus of elasticity of the material of the 
ring, then : — 

stress J 



E = 



Hence, 



strain D — rf 
E 



-''(^) 



Example III. — The external diameter of an inner ring is 20 
inches. Work out the diameter which the outer ring must 
have in order to grip the inner one with an initial tension of 
8 tons per sq. inch. Take the modulus of elasticity as 30,000,000. 

Answer.— Here D = 20 inches, and/= 8 x 2240 = 17,920 lbs. 
per sq. inch. 

Strength of Thin Cylinders. — By thin cylinders are meant 
cylindrical vessels whose thickness is small compared with their 
diameter. The resistance which such vessels offer to forces 
tending to burst them, both longitudinally and circumfer- 
entially, is easily deduced as follows : — Consider a cylindrical 
ring, whose breadth is 6 inches, thickness t inches, and internal 
diameter is d inches. Let p denote the intensity of the internal 
pressure, in lbs. per sq. inch, tending to burst the ring, andy the 
induced stress within the material of the ring, also in lbs. per sq. 
inch. 

Then the magnitude of the total internal force tending to tear 
asunder the ring at the ends of a diameter \&'pdh lbs. And the 
resistance which the ring offers to this bursting force is 2 < 6 /lbs. 

These being equal, we have : — 

2*6/ = vdh .-. /= f|. . • ■ (VI) 

This result shows that the stress, in a circumferential direc- 
tion, is independent of the length of the cylinder. 

Whatever be the form of the ends of the cylinder — whether 
they be flat or hemispherical — the total force tending to cause 

rupture circumferentially is ^ -d^ lbs. ; resisting this force, we 

have a ring of material whose total sectional area is t (2 < sq. 
inches. 
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Let f-^ be the longitudinal stress due to the longitudinal 
bursting force ; then the total resistance Ss, n: d t J\ lbs. 



And 



vdtfi=pjd? 



Hence, 

From this we see that: — 



4 -P<^ 



(VII) 



/i = i/ 



So that in a cylindrical boiler, which comes within the 
category of thin cylinders, the stress in a longitudinal direction 
is only one-half of the stress circumferentially. 

Helical Seams. — If we made a boiler of rings, joined togethex 
circumferentially, then, so long as the strength of those joints 
was greater than one -half that of the solid plate, the boiler 
would still be as strong as one without joints, because the solid 
plate longitudinally would still be weaker than the circum- 
ferential joints. When, instead of 
solid rings, these are made up of 
pieces joined together longitudinally, 
it is obvious that the strength of the 
boiler is determined entirely by that 
of its longitudinal joints, unless the 
circumferential joints are less than 
half as strong. 

As a compromise, it has been pro- 
posed to have, instead of circum- 
ferential and longitudinal joints, one 
continuous seam running spirally, 
called a helical joint. 
Let the accompanying figure represent a portion of such a 
boiler flattened out. A B is the helical seam, which, when 
flattened out, becomes a straight line, making the angle 6 with 
the longitudinal direction. The longitudinal and circumferen- 
tial stresses are represented by f^ and f^ respectively. The 
intensities of those stresses on A B being denoted by /j' and^g'j 
we have : — 




Illustkating Stress on 
Helical Seams. 



/■j' X A B = /i X B C ; 

/i'=/isintf; 



and /a' x A B = /g x A 0. 
and^j' = ^ cos i. 



Resolving f-^' and/j' normally to A B, we have, for the total 
normal stress : — 
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/n = /i' sin i + /z' COS i 
„ = /i sin* S + /a C082 I 
But, /i = i/,. 

/„ =i/,sin''0+/,co3M. 

Or, -^ = 1 _ ^ sin2 d. 

/2 



T * BO 

Ijet, n = 



Then, sin^ tf = 



AO' 

B 02 B 02 



A B2 B 02 + A 02 to2 + 1 

Hence, ^^ = ^ 'h^^ 2'!^2 ' ' ' ' (^«I) 

For example, if m = 1, i.e., 6 = 45*, 

That is to say, that the normal stress on a spirally-running 
joint, making an angle of 45° with the axis of the boiler, would 
be three-fourths of that on a longitudinal joint. With joints of 
equal efficiency, therefore, the helical seam would be 33'3 per 
cent, stronger than the longitudinal one. 

Strength of Thick Cylinders. — When the thickness of a cylin- 
drical vessel, subjected to internal pres- 
sure, is not small in comparison with its 
internal diameter, the problem requires 
to be treated differently. 

Acomplete determination of thestrength 
of thick cylinders of all proportions is not 
an easy matter; and as for an accurate 
solution of the problem, the thing is simply 
impossible. 

For moderate proportions of cylinders, '^^ -^ 

such as are used in hydraulic appliances, t n 

,, „ 1, .J .'' .. . -ff ,.' Illustrating Strain iH 

the following demonstration yields results Thick Cylinders. 
fairly substantiated by practice. 

If such a cylinder were to give way under internal pressure, 
the plane of rupture would evidently contain the axis of the 
cylinder; whilst the rupture itself would appear as shown in 
the accompanying figure. From this figure it is clear that the 
circumferential stretch is the same from the inner to the outer 
surface. Now, remembering the definition of strain previously 
given, it is obvious that in this case, the strain in any cylindrical 
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layer within the material will be inversely as its radius ; and 
since, within the elastic limit, the stress is proportional to the 
strain, it follows that the stress on any layer is also inversely as 
the radius of that layer : — 

Let / = Stress at inner surface at distance r, from axis of 
cylinder. 
„ X = Kadius of any layer within cylinder thickness. 
„dx = The thickness of elementary layer. 

Then the stress on the material at radius x, will be /—, and 

X 

the total resistance per unit length of the elementary hoop 

• a r dx 
IS 2/r. . 

•' X 

The total resistance of the cylinder is, therefore : — 

C^dx 



= 2/./^ 



X 



= 2/r log, 5. 

But the total bursting force within the cylinder, per unit oi 
length, is 2 jo r, where p is the diflference of the internal and 
external pressures. 

Hence, equating these expressions for equal and opposite 
forces, we have : — 

2pr = 2/j-logg-. 

|^=log.7 (IX) 

The logarithms here required are hyperbolia 

Equation (IX) is not in a convenient form for application, 

because the ratio — involves the quantity which is required : but 

T 

a very simple and useful formula, quite accurate enough for most 
practical purposes, may be obtained as follows : — 

For values of - less than 2, log, — = ^ " — '-, verj 

approximately. 

Making this substitution in (IX), we have : — 

p 2 (R - r) 
/~ B. + r ' 

, Whence. y= ||4| (IXa) 
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In practical calculations, the quantity usually required is the 
thickness of the cylinder ; calling this t, we get : — 

< = R - r 

"(mi)'-' 

Or t = '^^ (X) 

Where d = internal diameter of cylinder. 

Example IV. — The internal diameter of an hydraulic cylinder 
is 8 inches, and the ultimate tensile strength of the material 
of -which it is made is 16,000 lbs. per sq. inch. What thickness 
of metal would be required in the sides of such a cylinder if the 
metal be not stressed beyond one-sixth of its ultimate strength, 
the water being under a pressure of 2000 lbs. per sq. inchi 
Prove the formula which you employ. (Hons. S. & A. Exam., 
1889.) 

Answer.— Here / = J x 16,000 ; jo = 2000 ; and <^ = 8*. Sub- 
stituting these values in equation (X), we have : — 

2000 X 8 „ Q ■ V » 

' = 2x^x16,000-2000 = *-^ '''^''- 

If formula (IX) be used, then : — 

E, p 2000 -__ 

'°g^7 = 7= ^x 16,000 ^"•^^- 

Or, logio 5 = 0-75 X -4343 = -326. 

Therefore, -= 212. 

T 

And, « = E - r = 448 inches. 

Chains.* — Chains are used both as transmitters of energy, like 
belts or ropes, and as simple fastenings. But, as these two modes 
of using chains are more or less connected, it is found convenient 
to treat them generally, without taking into account their special 

*The following two figures, the Admiralty Rules for proof stress of 
chains, and the two Tables were obtained by permission from Design of 
Structures, by S. Angliu, C.E., published by Charles Griffin & Co. 
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applications. Chains may be arranged under any one of the 
following headings : — Ist, Round iron chains with open links; 
2nd, round iron chains with stud links ; 3rd, flat bar chains ; 
4th, gearing chains. 

Chains are generally made from round wrought-iron bars of 
the best quality. The links are of different shapes, the elliptical 
form being the most common. They may be classed under two 
sorts — (a) The close or open link, which is commonly used for 
cranes and like purposes; (6) the stayed or stud-link, where a 





Opbn-Link. 



Stud- Link. 



stud or stay (usually made of cast iron) is fitted across the 
shorter diameter of each link. These studs most effectually 
keep the sides apart, and prevent any link jamming a neigh- 
bouring one. They add materially to the strength of the chain, 
for they are in compression whilst the sides of the links are in 
tension. Stud-links are used for large cables, and for other pur- 
poses where the chain may be subjected to heavy stresses. 

When a load or tension is applied to any chain, each link is 
subjected to a bending action in addition to a tensile stress. 
This bending action is greatest at the extremities of the longer 
diameter of the link. Hence, on this reasoning, the link should 
be made stronger at its ends, but the question of the best section 
is complicated by the uncertainty as to the strength of the link 
at the weld. The diminution of strength due to " welds " in 
bars has been found to average 20 per cent. The strength 
of a stud-link may be taken as equal to double the strength of 
a rod of wrought iron, of the same diameter and quality of 
material as that of which the chain is composed ; whereas, the 
strength of an open-link chain is only about 70 per cent, of this 
amount, even with perfect welding. It will easily be seen, that 
chains in passing over pulleys are subjected to other bending 
stresses than those enumerated above. Hence, the links of 
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chains to be used for this purpose should be made as short as 
possible, in order to increase the flexibility of the chain, and 
diminish this bending action. 

Fatigue of Chains.* — Chains which have been in use for some 
time and subjected to many sudden jerks (such as the lifting 
chains for cranes and slings), suffer from " fatigue," the material 
becomes crystalline, or short in the grain, and consequently 
brittle and unsafe. The best precaution to adopt to restore 
the equilibrium of the material and re-establish its strength, is 
to periodically anneal the chains by drawing them very slowly 
through a fire, thus allowing them to become heated to a dull 
red, and then to cool them slowly in a heap of ashes. This 
method is carried out at Woolwich Arsenal by the War Depart- 
ment and by other high-class works. 

Ultimate Stress, Proof Stress, and Working Stress on Chains.— 
There are three kinds of stresses to be distinguished when 
applied to chains — (1) The ultimate tensile stress, (2) the proof 
stress, and (3) the working stress. These are approximately 
related to each other as follows : — 

The proof stress may be taken as one-half of the ultimate 
strength, and the working stress is often stated at about one- 
half the proof stress. 

The Admiralty rules for the proof stress of studded-chaia 
cables and close or open-link crane chains are as follows : — 

Let d = diameter of the iron forming the chain ; 

For studded chain cables — 

Proof load in tons = 18 d^ = 11^ tons per sq. in. of section. 
For close-link crane chains — 

Proof load in tons = 12 d^ - 7'7 tons per sq. in. of section. 

If the working load be taken at one-half the proof load, 
we get — 

For studded chains — 
Greatest working load = 9 d' = 5"75 tons per sq. in. of section. 

For close-link chains — 

Greatest working load = Q d^ = 3'85 tons per sq. in. of section. 

* The author was recently called upon to make a series of comparative 
tests between a i-inch sling chain, which had been in constant use during 
several years for lifting logs of wood without ever having been annealed, 
and a new well-annealed wrought-iron sling chain of the same size. The 
old chain broke with sudden snaps at 6-22 tons mean stress, and only 3 '5 
per cent, elongation, showing a brittle crystalline structure. The new 
well-annealed J-inch chain only gave way at 7 '8 tons with 18'6 per cent, 
elongation, showing a fine fibrous ductile struotore. 
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Weight of Chains. — The weight of chains in lbs. per foot may 
be expressed from the equation, w = 9 <P, where d = diameter 
of iron in inches. 

The following tables are given by Professor Unwin, M. Inst. 0. E., 
in his Ulements of Machine Design ; also, in Design of Structures, 
by Mr. S. Anglin, C.E., Wh.Sc. The breaking strengths were 
calculated from the Woolwich experiments. 

Table op Strength and Weight of Close-Link Ceane 
Chains, and Size of Equivalent Heup Cable. 



Diameter ot 

\Tond 

Id Inchea. 


Weight ot 
per (atliom. 


Breaking 

BtrengtliJn 

tons. 


Testing 
load in tons. 


GKrtti of 

equivalent 

rope in inches. 


Weight 
of rope in lbs. 
per fathom. 


i 


3-5 


1-9 


0-75 


2 


1| 


A 


60 


3 


110 


2i 


H 


1 


8-5 


4 a 


16 


3i 


2i 


/t. 


110 


5-9 


2-3 


4 


3| 


4 ■ 


14 


7-7 


3 


4S 


5 


A 


18-0 


9-7 


3-8 


H 


7 


1 


24 


120 


4-6 


6i 


84 


« 


280 


14-6 


5-6 


7 


104 


i 


31-5 


17-3 


6-8 


1h 


12 


a 


37 


20 4 


7 9 


8i 


15 


i 


44 


231 


91 


9 


174 


a 


50 


26-1 


10-5 


9i 


19J 


I 


660 


29-3 


12-0 


10 


22 


1* 


710 


36-3 


15-3 


Hi 


27i 


li 


87-5 


44-1 


18-8 


12i 


34i 


If 


105-8 


62-8 


22-6 


13} 


41i 


14 


1260 


62-3 


27-0 


16 


49i 
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Table of Strength and Weight of Studded-Link Cable. 



Diameter of 

Iron d in 

Inches. 


Weight in 
LbB. per 
Fathom. 


Brealdng 

Strength in 

Tons. 


Test Load 
in Tons. 


Girth of Equi- 
valent Eope 
in Inches. 


Weight of 
Hope in Lbs. 
per Fathom. 


1 


24 


9-5 


7 


64 


9 


a 


28 


11-4 


Si 


n 


12 


s 


32 


13-5 


lOi 


8 


14 


i 


44 


20-4 


131 


9i 


194 




58 


24-3 


18 


lOJ 


224 


H 


72 


29-5 


22J 


12 


30| 


1 1 


90 


38-5 


284 


134 


39J 


If 


110 


48-5 


34 


15 


m 


ij 


125 


59-5 


404 


16 


55 


If 


145 


66-5 


474 


17 


62 


1 3 


170 


74-1 


551- 


18 


68i 


1| 


195 


92-9 


63^ 


20 


86 


2 


230 


99-5 


72 


22 


104 


2i 


256 


112 


8U 


24 


124 


^l 


285 


126 


9H 


26 


145 



Strength of Suspended Chains and Wires. — When a uniformly 
heavy chain or wire is suspended between two points, to find 
the equation to the curve in which it hangs, and the tension at 
a point: — 1st. LetT be the tension at any point P; and H, that 
at the lowest point O. If W be the weight of the part P of 
the chain, it is evident that O P will be in equilibrium under 
the action of three forces — the tensions at O and P and its own 
weight W, acting through its centre of gravity. These three 
forces, therefore, must pass through some point K, in O x, such 
that K P will be a tangent to the curve at the point P. Let 
the curve be referred to the co-ordinate axes, Ox, Oy, and let 
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ON = X, and N P = y, P = s. Also let w be the weight of 




IliLUSTBATING THE StKESSBS IN SUSPENDED CHAINS AND WiRES.* 

a unit length of chain, and for H write mw. Resolving ver- 
tically and horizontally, we get : — 

T sin ^ = ^^ = 8 10. T cos p = H = »i lo. 



Hence, tan © = — j or, -3 . 



(1) 



Bat, 



dy 
ds 

dy = 



:Sin ® = 



1 



s . ds 



cosec p ^cot2 p + 1 Jm^ + i* 



Integrating this expression, we have : — 

y — »Jm^ + 8^ + 0. 
2nd. To find the value of the constant C, we know that s = 0, 
when y = 0. 

= «i + C, 

Or, 0=-m. 

So that, y + m = y/m^ + s^. 



and, therefore. 
Substituting this value of s in (1), and inverting :— 
dx m 

Multiplying each side by dy, and integrating, we get:— 

x = m. log^ {{y + m) + s/{y + '^f - »»*} + 0. 
When x = 0, y = 0, then :— C = - m . log, to. 

Hence, as = to . log, | -?^ ' ^^ '- ^ • • 



(2) 



> For a neater solution of this problem on the Common Caienary with the 
.origin below the vertex of the curve, see three pages further on. 

2 
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Equation (2) is sometimes useful in the solution of problems. 
In order to get the equation to the curve in which the chain 
hangs, or, in other words, the relation between x and y, we write 
(2) as follows : — 



-^\m*4<^-^i-'\ 



a..u, fi-.iv^y^(i±p)'.,., .... (3, 

Where e is the base of the Napierian or hyperbolic logarithms. 
Now, since : — 

Therefore — 

r/y + m\ l/y + mY ^] 1 _1 

\\ m J M\ m J ; Hp + rrA ^ IfV + ^V A S 

He.o. r==(t=)-V^^^ ... (4, 

Now, adding (3) and (4) and reducing, we have finally ; — 

y = 2--je'» + e "^-m 

Or, y = _Je'» + e'™-2|- I 

The curve whose equation is (XT) is called a catenary* 
3rd. To find T, the tension at any point, we have : — 



i = -: = SW-i— 



Or, T =w. Js^ + m\ 

But, ijs^ + m^ = y + m,. 

T! = w{y + m) (XII) 

When the curve is very flat, as in the case of telegraph wires, 

then s = X approximately, and (1) becomes -r^ = —. 

ax m 

* §ee footnote on previous page. 
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Multiplying hj dx and integrating, we get : — 

y-i^ (^™) 

This requires no correction, because x and y vanish togetlier. 

Example V. — A telegraph wire, which weighs Jjy of a lb. per 
yard, is stretched between poles on level ground, so that the 
greatest dip of the wire is 3 feet. Find approximately the 
distance betweeln the poles when the tension at the lowest point 
of the wire is 140 lbs. (Hons. S. and A. Exam., 1891.) 

Answer. — Here, H = 140, y = 3 ft., and w = ^^; and since: — 

H = mw 

Or, m = 4200. 

Putting these values of y and m in equation (XIII), it 
becomes : — 

o _ x^ 

2 X 4200 ■ 



a; = ^3 X 2 X 4200 = 158-7 ft. 
Distance between poles : — 

= 2 as = 2 X 158-7 = 317-4 ft. 
If the more exact equation (2) be used, then : — 



log, { : 



o o ^9nn 1 , 4203 + V42032 - 4200-^ ■ 

2 a! = 2 X 4200 x ^ — ' 



4200 



= 8400 X log, |1J 

= 8400 X 0-0374 = 314-16 ft. 
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The Catenary Curve with Origin at a Definite Distance below 
its Vertex — (^2/ W. M. Madden, M.I.E.E.). — 'R.BievT\ng to 
pp. 16 to 19, where a uniformly heavy chain or wire is 
suspended between two points, let T be the tension at 
any point P, and H that at the lowest point A. If W 
be the weight of the part AP of the chain, it is evident 
that AP will be in equilibrium under the action of three 
forces— viz., the tensions at A and P, and its own weight 
W, acting through its centre of gravity. 




The Catenary Cttrve with Origin at a Distance m below its 
Vertex, as Applied to Suspended Chains and Wires. 



Also, let w be the weight of a unit length of chain; s, the 
length of span A P ; and m w, the tension H. 

Then, we get directly from the triangle of forces : — 

T sin p = W = « to ; T cos f = '3. = mw; 

whence, 8 = witanp .'. ds = maec^ <pdp 

dx = cos ipds = msec <f)d<() 

sin ^ c2 ^ 



dy = sin fds = to- 



cos'^ (p 



Omitting constant of integration, so that y = m when p = 

y = m sec p 

This determines the origin O at a distance m below A ; and, 
since "EL = mw, the tension at A is equal to the weight of a 
length m of the chain. 
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Integrating the above equation for x — 

w«. „o^ -. ^f'^P f cos a d<p f damp 

We get, X = m\ — !— = »»/ il— Z- = m -; r-^- 

} cos f J COS'' (p J I- — sin'' p 

Or, X = ^Uf^^^9 + /-j^sin^) 

2 (y 1 + sin p y 1 - sin 9) 

a; = -g- { loge (1 + sin p) - lege (1 - sin p)} 

m, 1 + sin a 

22 ° 1 - sin p 

Here, no constant is required ; since x = when p = 

n n 1; 1 + sin P , -- 1 - sin ffl 

Consequently, e"* = ; — !-, and e "* = t; ^ — - 

1 - sm p 1 + sin p 

'^ -""I o 2{(l+sin2p) + (l-sin2p)} 4 , , 

.-. e™ + e "• + 2 = -!^^^ , ^V ^„ i-ii= — 5— = 4sec2ffl 

1 — sin^ ip cos^ p 

Or, e" + e ">= 2 sec ffl = — ^ 

^ m 

Hence, y = •=--[e"' + e"'~j- 

The curve whose equation is of this form is called a catenary. 

Since T = m lo sec <p, and y = m sec p, T = w y. Or, the 
tension at any point on its curve is equal to the weight of a 
chain wliose length is the vertical distance of the point from a 
horizontal line drawn at distance m below the vertex. 

. . ^yj /^ ^2 

Again, s = mtanp = mVsec^p-l = s/y' — m^ = — W— ^--4 

2s /4v^ / ( S. _£)2 £ .» 

That is, — = a/— ^ -4 = A/<e"' + e"'V -4=e'"-e"' 

s = g-j e*" - 6 " > 
Which gives s in terms of x. 
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Lectueb I. — Questions. 

1. What do you understand by the terms strain, stress, and modulus of 
elasticity? A tie rod 100 feet long, and of 2 square Inches sectional area, is 
stretched three-quarters of an inch under a tension of 32,000 lbs. What is 
the intensity of the stress, the strain, and the modulus of elasticity 
under these circumstances ? Ans. 16,000 lbs. per square inch; •000625; 
25,600,000. 

2. A ship is moored by two cables of 90 feet and 100 feet in length re- 
spectively. The first cable stretches 2| inches, and the second stretches 3 
inches, under the pull of the ship ; find the strain of each cable, 
Ans. 0-0243; 00025. 

3. Define the term Besilience. Show that the work done on a material 
by a live load is four times that done by an equal dead load. A wrought- 
iron tie rod 20 feet long and '5 square inch cross-sectional area bears a dead 
load of 5,000 lbs. Find the work done on stretching the rod by this load. 
What live load would produce an instantaneous elongation of another 
^inoh? Take E = 30,000,000. ^»is. 33-3 ft.-lbs.; 3,125 lbs. 

4. A rod of iron 25 feet long and 2 square inches cross-sectional area 
checks a weight of 80 lbs., which falls from a height of 20 feet before be- 
ginning to strain it. Find the greatest stress and strain produced. Take 
B = 25,000,000. Ans. 40,000 lbs. per square inch; -0016. 

5. If the modulus of elasticity of a piece of steel in lbs. per square inch is 
32,000,000, how much would a bar f of an inch in diameter and 25 inches 
long extend under a load nf 10 tons ? If its limit of elasticity is 21 tons 
per square inch, what is its resilience ? 

6. What is the resilience of a bar ? A bar of steel is f inch in diameter, 
and 30 inches in length, and is under a tensile pull of 10 tons, what is the 
work stored up in the bar, the modulus of elasticity being 32,000,000 lbs. 
per square inch ? 

7. Built-up guns are made of concentric rings, the outer hoops, or rings, 
being shrunk or forced upon inner tubes with a regulated tension. Sup- 
posing the external diameter of the inner tube to be 12 inches, and that the 
substance of its covering hoop is to have given to it an initial grip of 4 tons 
per square inch of its sectional area ; the exterior diameter of this second 
hoop is 18 inches, and is to be covered with a third hoop, having an initial 
grip of 8 tons per square inch of its sectional area ; will yon work out 
in arithmetic the difierence of dimensions that will afford the above 
conditions ? 

8. Prove that when a thin spherical shell is exposed to the bursting 
pressure of gas or liquid the stress in the material is half as great as that 
within the curved surface of a thin cylindrical shell exposed to the like 
pressure, each shell being of the same thickness and diameter. 

9. A long thin pipe of given internal radius is subjected to fluid 
pressure ; fmd the tension of the material of the pipe. If the internal 
radius of the pipe is 6 inches, and the thickness of the pipe 0"5 inch, what 
fluid pressure per square inch would increase the radius of the pipe by 
0-001 inch ? The modulus of elasticity being 20,000,000, and the elasticity 
of the material being supposed to continue perfect. Ana. 277-7 lbs. per 
sijuare inch. 
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10. A steel hydraulic cylinder, 10 feet long and 6 inches in diameter, acts 
as a brak^ on a lift. It has a movable piston fitted with a spring valve, 
the cylinder being full of liquid when the lift is at its highest position, and 
the piston and rod at the end of the stroke inside the cylinder. It was 
found that when the lift began to descend the internal pressure was 1,000 
lbs. per square inoh, which gradually rose to 2,000 lbs. when the piston 
had travelled 9 feet. Treating the cylinder as a thin one, what would be 
the law of variation of thickness at dufereut points ? Prove the formula. 

11. A uniformly heavy chain is suspended from two given points: find 
the equation to the curve in which it hangs, and the tension at any point 
of the nurve. 

12. Prove that the tendency of a thin pylindrio pipe to burst laterally 
(neglecting the strength of flanges, &o.) is twice as great as to burst 
endwise. 

A wrought-iron pipe is 2 feet diameter, J inch thick, its working stress 
is 5 tons to the square inch, but strength of plate is diminished 30 per 
cent, because of riveted joint. What is the working pressure? What 
head of water does this correspond to ? 

13. Prove the law for the tensile stress produced in a thick cylinder 
by internal fluid pressure. Describe how we attempt by chilling to give 
maximum strength. 

14. A steel tube 5 inches internal and 7 inches external diameter has 
steel strip wound on it to the external diameter of 12 inches under a con- 
stant vrinding tensile stress of 15 tons per square inch. What is the 
stress at any place in the solid metal or the winding? 

15. If a thin vessel is subjected to fluid pressure, p, inside (in excess of 
the outside pressure), prove that the total bursting force at any plane 
section is pA if A is the area of the whole section. How do we calculate 
the tensile stress in the section a of the metal ? Find the rule for the 
stress in a thin spherical vessel. Does the rule apply to a thick vessel? 
Give reasons for your answer. 

16. State clearly how we arrive at a rule for the proper thickness ot a 
pipe, proving any formula used by you. In fixing the proper value of the 
stress that the material (say oast-iron) will stand, why do we not use the 
results of experiment on oast-iron test pieces in tension ? 

(B. of E. Adv., 1901.) 

17. Knowing the axial and lateral strains in a tie bar of homogeneous 
material when subjected to a tensile force, show how we calculate the 
modulus of rigidity of the material (B. of E. H., Part I., 1901.) 

18. A tube 3 inches internal and 8 inches external diameter is subjected 
to a collapsing pressure of 5 tons per square inoh; show by curves the 
radial and circular stresses everywhere. Prove your formulae. The hmits 
of elasticity are not supposed to be exceeded. (B. of E. H. , Part I., 1901.) 

19 A horizontal circular tube of steel is 7 feet diameter, i inch thick, 
100 feet long supported at the ends, its total load distributed uniformly all 
over being 30 tons, what are the greatest stresses in the metal ? The tube 
is filled with compressed air, what must its pressure be if there is just no 
compressive stress in the metal? State what is now the nature of the 
stress in the metal at the place where it is greatest. 

(B. ot E. H., Part I., 1902.) 

N.B.— »See Appendices B and C fcrr other questions and answers. This 
note rtfers to all the Lectures. 
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Lectuee I.— C. & G. Exam. Questions. 

1. A steam engine has a piston 18 inches in diameter, and the greatest 
difference of steam pressure between the two sides of the piston when the 
engine is at work is 120 lbs. per square inch : what must the piston-rod 
diameter be in the body of the rod if the greatest intensity of stress per 
square inch is not to exceed 2,500 lbs. ? (C. & G., 1900, O., Sec. B.) 

2. The links of a chain are made out of IJ-inch round bar iron, having 
a tenacity in pure tension of 22 '5 tons per square inch : what load could 
be safely lifted with such a chain if the stress is not to exceed f th of the 
breaking stress of the chain ? You may assume that only three-quarters of 
the full tenacity would be developed in the material before rupture, when 
worked up into the form of a link. (0. & G., 1900, 0., Sec. B.) 

3. How much would a, steel tie-bar 3 inches in diameter and 25 feet 6 
inches long extend under a total load of 33 tons ? The modulus of elasticity 
of the steel is 12,500 tons per square inch. (C. 4; G., 1900, 0., Sec. B.) 

4. A cylinder 10 inches in diameter has a cover fixed on by IJ-inch 
studs. The internal fluid pressure is 200 lbs. per square inch above the 
atmospheric pressure. How many such studs would you employ if the 
tensile stress per square inch at the bottom of the threads is not to exceed 
2,500 lbs.? (The diameter at the bottom of the thread of a bolt = 0'9 
diameter of bolt - -095 inch.) (C. & G., 1901, 0., Sect. B.) 

N.B. — See Appendices B and Cfor other questions and answers. 
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Lecture I.— A.M.Inst.C.E. Exam. Questions. 

1. Show that a chain supported at the ends and carrying a load which is 
uniform per foot of the span hangs in a parabolic curve. Hence find 
approximately the pull in a telegraph wire when the span, the dip, and 
the weight of the wire are given. (I.C.E., Oct., 1897.) 

2. Distinguish between stress and strain. A round bar 20 feet long and 
2 inches in diameter is stretched ^V ™ch by a load of 7 tons, applied 
along the axis. Find the intensity of stress on a cross-section and the 
coefficient of elasticity of the material. (I.C.E., Oct., 1897.) 

3. The greatest stress permissible being 5,000 lbs. per square inch, find 
the shortest rod of 1 square inch section which can be safely used to check 
a weight of 50 lbs. falling 3 feet. Take B = 12,000 tons per square inch. 

(I.C.E., Oc«.-, 1S97.) 

4. Compare, in general terms, the three rods shown in the sketch as 
^_^ iB»^^ regards their suitability to withstand tensional 

P^\ 1^1 f^"^ stresses produced by impacts of given energy, 

I. . I L J L J dealing both with the magnitude and distribution 

of the stresses. {LCE. , Feb. , 1S98.) 

5. Prove that the shape of a hanging chain loaded 
uniformly horizontally is parabolic. The points of 
support are 50 feet and 70 feet above the lowest 
point in the chain, and the horizontal distance 
between the points of support is 300 feet. The 
load is 3 tons per foot horizontal, state the pull in 
the chain at the points of support and the middle. 

(I.C.E., Oct., 1898.) 

6. Describe the particular distributions of load under which an equili- 
Ijrated suspension chain would hang in the following curves : — (a) a 
parabolic arc, (6) the common catenary, (c) the curve of sines. 

(I.C.E., Oct., 1898.) 

7. Explain the meaning of the following terms, giving some verbal 
illustrations: (a) modulus of elasticity; (6) elastic limit; (c) permanent 
set; (d) plastic elongation; (e) ultimate elongation; (/) contraction of 
area. (I.C.E., Feb., 1899.) 

8. By how much would a wrought-iron tie-bar be elongated under a 
direct pull of 30 tons, if its length were 30 feet, and its cross-section 
5 inches by 1 inch? (Assume E = 12,000 tons.) (I.C.E., i^'ei., 1899.) 

9. A standard test-bar of cast iron, 1 inch broad and 2 inches deep, laid 
upon supports 3 feet apart, is found to deflect just -fy inch under a central 
load of 25 cwts. Calculate the modulus, E, and also the apparent tensile 
stress in the extreme fibre. (I.C.B., Feb., 1899.) 

10. Explain the terms {a) stress, (6) strain, (c) elasticity, and state the 
law connecting (a) and (6) when the elasticity of a material is perfect. A 
steel tie-rod, 1 inch diameter 20 feet long, stretches ^ inch under a pull of 
5 tons : find the modulus of elasticity. (I.C.B., Oct., 1899.) 

11. Prove the ordinary formula which gives the stress on the material of 
a cylindrical boiler-shell of given diameter and thickness under a given 
internal fluid pressure, explaining carefully the conditions under which it 
is approximately correct and stating the reasons why it cannot generally 
be used for an external pressure. (I.C.E., Oct., 1899.) {See my "Text- 
Book on Steam and Steam Engines "for further treatment.) 
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12. Find the curve in which a string, whose weight is neglected, 
uniformly loaded horizontally, would hang. (I.C.E., Oct., laUa.) 

13. If the load on the platform of a suspension bridge be uniformly 
distributed show that the chains hang in a parabola, the weight of the 
chains and suspending rods being omitted from the calculation. Find 
the pull at any point of the chain, and assuming the chains attached 
to the top of the piers, find the moment tending to overturn them. 
Describe the arrangements adopted in practice to prevent this. 

(I.C.E., Feb., 1900.) 

14. What is the modulus of elasticity (Young's modulus) and how is it 
measured ? Mention some of the practical questions which depend upon 
its value in dififerent materials. (I.C.E., Oct., 1900.) 

15. Assuming the modulus to be 12,000 tons in iron wire, what would be 
the elongation of a. wire originally 1000 feet in length, due to its own 
weight when suspended vertically? (I.C.E., Oct., 1900.) 

16. An iron telegraph wire is stretched between a pair of supports 
160 feet apart, and hangs with a sag of 2 feet in the middle. Assuming 
its weight to be uniformly distributed over the span, find the tensile 
stress per square inch at the centre. The weight of a cubic inch of iron 
may be taken at 0-27 lb. (I.C.E., Feb., 1901.) 

17- Explain the meaning and uses of a factor of safety, stating what 
factor you would select for the following oases : — (a) A girder of mild 
steel carrying the dead weight of a wall. (6) A steel cross-girder in a 
railway bridge. (I.C.E., .Feb., 1901.) 

18. In a tensile test of a piece of flat wrought-iron bar, the following 
results were obtained : — 

(i.) Original dimensions of cross-section 2'010 inches by 0'505 inch, 
(ii.) Einal dimension of cross-section at point of fracture 1'520 inch 

by 0-410 inch, 
(iii.) Gross load at limit of elasticity 34,500 lbs. 
(iv.) Gross load at fracture 53,100 fbs. 
(v. ) Total extension on length of 10 inches = 1 "46 inch, 
(vi.) Extension on 10" length under a gross load of 20,000 lbs. = x^jn". 

Find from the above data : — (as) The modulus of elasticity of the material ; 
(b) the limit of elasticity and tenacity per square inch ; (c) the reduction of 
area per cent. ; (d) the approximate work done per cubic inch of the 
material in fracturing the bar. Would you consider this good material ? 

(I.C.E., Oct., 1901.) 

19. A foot-bridge 10 feet in width is carried over a river 100 feet in width 
by two cables of uniform section, with a dip of 10 feet in the centre. Find 
the greatest pull on the cables, their cross-sectional area, length and 
weight for the following data : — Maximum load on platform 120 lbs. per 
square foot. Working-stress in metal of cables 4 tons per square inch. 
Weight of cable material per cubic foot 484 lbs. (I.C.E., Oct., 1901.) 

20. A short cylindrical block is subject to a simple push, P, in the direction 
of its axis. Find an expression for the normal and tangential forces on a 
plane whose normal is inclined to the axis of the block at an angle, 6; 
and show that the tangential force has its maximum value when 6 is 45°. 

(LC.E., Feb., 1902.) 

21. A suspension bridge has a span of 200 feet, the dip of the chains is 
64 feet, and the weight of the roadway carried 2,800 lbs. per foot run. 
Calculate the tension at the middle and at the two ends of each of the two 
chains. (I.C.E., Feb., 1902.) 
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22. In the roof truss given find the stresses in the different members due 
to a normal wind pressure of 27 lbs. per square foot, acting on the left- 
hand aide of the roof if the principals 
are 8 feet apart. (I.C.E., Feb., 1902.) 
23. Assuming that the stresses due 
to the dead loads on the above roof 
have been similarly determined, show- 
how you would determine the sizes of 
the tie-bars (a) say. Assume some 
value for the stresses due to dead load, 
and also assume that the severest stresses due to the wind are those 
obtained in the previous question. (LC.E., Feb., 1902.) 

24. A oonneoting-rod of an engine is tJ feet long and 4 inches in diameter 
at the centre. What factor of safety does it possess when subjected to a 
pure compressive force of 14i tonst The rod is steel. {1.CE,., Feb., 1902.) 

25. A mild steel tie-rod is made of angle-bar 4 inches by 4 inches by i inch 
and is 24 feet long. If it is subjected to a direct pull of 21 tons, what is 
the intensity of tensile stress per square inch, and how much will it 
elongate under the load. (I.C.E., Feb., 1902.) 

26. A round wrought-iron rod is 25 feet long and 1 inch in diameter, 
find the tensile load which would, if suddenly applied, instantaneously 
elongate the bar by 0-08 inch. (I.C.E., F'eb., 1902.) 

27. Wrought iron expands loSou th of its length for every 15° rise of 
temperature ( Fahrenheit). Find the highest temperature at which a rivet 
should be closed, if the stress due to cooling is not to exceed 15 tons per 
square inch. Modulus of elasticity 28,000,000 lbs. per square inch. 

(I.O.E., Oct., 1902.) 

28. A chain, with its two ends level, carries concentrated loads at 
5 points along its length ; show how to find graphically the position 
and amount of the resultant of the loads and the amount of the vertical 
reaction of the supports. (I.C.E., i^feft., 1903.) / 

N.B. — See. Appendices B and Ofor other questions and answers. 
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LECTURE II, 



Contents.— Strength of Beams and Girders— Definitions of Shearing Force 
and Bending Moment — ^Beam Fixed at one end and Loaded at the other 
— Beam Fixed at one end and Loaded Uniformly— Beam Supported at 
both ends and Loaded in the middle— Example I.— Beam Supported at 
ends and Loaded anywhere — Beam Supported at both ends and 
Loaded Uniformly— Examples IL and III.— Floating Beams— Travel- 
ling Loads — Two Loads Moving at a Fixed Distance apart — Example 
rV.— Distributed Travelling Load— Questions. 

Strength of Beams and Girders.— The subject under this heading 
is one that naturally divides itself into two portions. (1) The 
determination of the resultant effects of the applied loads at any 
section of a beam or girder ; and (2) the nature and amount of 
the resistance offered by the beam or girder to rupture at that 
section. 

When the section under consideration is in the same plane as 
the load, the only effect the load has at that section is a tendency 
to shear the beam ; but in the more general case, where the load 
acts at a distance from the given section, we have, in addition, a 
tendency to curve or bend the beam at the section. Hence the 
name Bending Moment is given to this latter effect. 

In the accompanying figure, let A B represent a cantilever 




iLLnSTKATING SHBAKINQ AND BeNDING AcTION. 



or beam fixed at one end, with a load P applied at the free end ; 
and let C be any section in the beam:. At C let there be applied 
two equal and opposite forces Pj, Pj, of the same magnitude 
as P. The introduction of these forces does not affect the equi- 
librium of the system, as P^ and Pg balance each other. Hence, 
the effect of P at the section C is equivalent to that of a 



CANTILEVER LOADED AT END. 
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couple P Pg, with a single force Pj. A general proof of this 
important theorem is given in Vol. I., Lecture III., Prop. II. 
The couple constitutes the Bending Moment (B.M.), and the 
single force Pj, the Shearing Force (S.F.) at the section 0. 

Definition. — The Shearing Force at any section of a beam is 
the algebraic sum of all the forces acting on either side of that 
section. 

Definition. — The Bending Moment at any section is the alge- 
braic sum of the moments of all the forces acting on either side of 
that section. 

Or, in symbols, if P denote any one of the forces acting on one 
side of a section, and at a distance x, from it ; consider all the 
forces on the same side of the section as P, paying due regard to 
their sign — that is, if we reckon forces acting upwards as posi- 
tive, we must regard those acting downwards as negative. 



Then, 
And, 



S.F. = 2P. 
B.M. = 2Pjf 



.} 



(I) 



Beam Fixed at one end and Loaded at the other. — Let D 
be a cross-section anywhere within the length of the beam at a 
distance of x inches from the fixed end A. To find the S.F. 
and B.M. at C D, we observe that the only force acting to the 
right of the section is W lbs. Hence : — 



S.F. = W lbs. 



(11) 




K- L >i 

Beam FtxBD at one bnd, Loaded at other. 

It is independent of x, and therefore the same for all such 
sections as G D. 

The B.M. at CD is W multiplied by its distance from the 
section in inches. Hence : — 

B.M. = WxBD = W(L-;f) inch-lbs.*. . . (Ill) 

This equation is true whatever may be the position of W on 
the beam, so long as L denotes its distance in inches from the 
fixed end, and CD is between W and the support. 

» Where the older term " inch-lbs." has been used in connection with the Bending 
Moment at any section ol a loaded beam, then the more modem term of "Ib.-inchea" 
may be substituted. 
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In this case, the diagram of the S.F. is a straight line parallel. 
to the base and at a distance of W lbs. from it. Since (III) is 
the equation of a straight line, the B.M. is therefore a quantity 
increasing uniformly from zero, where a; = L, to "WL inch-lbs., 
where a; = 0, as shown by the accompanying figure. 



S.P. curve is a straight 
line. 
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B.M. curve is a straight 
line. 



BiAOBAU 01' S.F. AND B.M. lOR Bbam Fixbd at one 
END AND Loaded at the otheb. 

Beam Fixed at one end, and Loaded Uniformly. — Let the load 
on the beam be w lbs. per inch-run, it is required to find the 
shearing force and bending moment at any section CD, at 
X inches from the fixed end. . As before, consider the part of the 
beam to the right of C D. The only force is the weight of that 
portion of the load carried by B D, so that : — 



S.F. = m; X B D = «; (L - jif) lbs. 



(IV) 



X >|D 

L ^ 

Beam Fixed at one end and Loaded Unifobmlt. 

The moment of the portion of the load on B D with respect 
to C D is the same as if it were all concentrated at the middle 
point of B D. Hence : — 

B.M.=M)xBDx JBD = ^w X BD« = ^u; (L-;f)2 inch-lbs. (V) 

Equations (IV) and (V) show us that both the S.F. and B.M. 
vanish when as = L ; and when a: = 0, we get : — 




BEAM LOADED AT CENTRE. 
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And, 



S.F. = «/ L lbs (IV„) 

B.M. = J «;L2 inch-lbs (VJ 



The diagrams of S.F. and B.M. for this case take the forms 
shown in the accompanying figure. 




S. F. curve is a straight 
line. 

B. M. curve is a parabola 
with vertex at B. 



-i - 



DiAGBAM OF S.P. AND B.M. POR BSAH FiXED AT ONE END 

AND Loaded Uniformly. 

Beam Supported at both ends, and Loaded at the Middle. — In 
this case we measure x from the middle point of the beam. 
Since W is equidistant from A and B, the reactions at those 
points, Ej and Rg* ^^^ equal to each other, and since their sum 
is W, we have : — 



Rj = K; 




Beam Sttppobted at both ends and Loaded at Middle. 

The only force to the right of C D is E.^, and its leverage is 
BD. 
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Hence, S.F. = R, = J W lbs (VI) 

And, B.M. = E2xBD=|W(JL-x) inch-lbs. . (VII) 

Here, the B.M. vanishes whena! = J L, and increases uniformly 
from this until x = 0, when it attains its maximum value, :| W L 
inch-lbs. 

Or, Maximum B.M. = i W L inch-lbs. . . . (VII„) 

The following figure shows the diagrams of S.F. and B.M. for 
this case : — 



S.F, 



S.F. curve is 

a pair of 

straight lines. 

B.M. curve is 

a pair of 
straight lines. 



DiAORAM as S.F. AND B.M. FOE Beam Supported at both ends 
AND Loaded in Middle. 

Example I. — In a beam of length L, supported at both ends 
and loaded at the middle with a load W, show that the bending 
moment is greatest at the centre of the beam and equal to 
^WL. Then determine graphically the bending moment and 
shearing force at a point 6 ft. from one support in a beam of 25 
ft. span loaded with 5 tons at its centre. (Adv. S. & A. Exam., 
1890.) 

Answer. — We have already seen from equation (VII) that 
for a beam loaded as in this example, the B.M. at any 
distance x, from its middle point, is : — 

B.M.= |W(JL -x). 

This is obviously greatest when x = — that is, at the centre. 
Then :— 

Maximum B.M. = ^i W L ; and S.F. = J W. 




EXAMPLE I. — LOADED BEAM. 
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For the values of W and L given in the example, we get :- 

Maximum B.M. = ;J x 5 x 25 = 31-25 ft.-tons. 
And, S.P. = ^ X 5 = 2-5 tons. 



S.F. 




1^ 25- y 

S.F. AND B.M. CcE7Ea for Example I. 

The accompanying figure shows the diagrams of B.M. and S.F. 
as constructed from these data. 

At 6 feet from one end the B.M. measures 16 ft.-tons. Tliis 
is easily verified by means of the formula for B.M., because 
a:=12'5-6 = 6-5. 

B.M. = J X 5 X (12-5 - 6-5) = 15 ft.-tons. 

Beam Supported at both ends, and Loaded Anywhere. — Witli 
a single concentrated load, the maximum bending moment wi]! 




Beam SoproBTED at botu ends, and Loaded Aktwheke. 

2 3 
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always occur immediately under the load, whether it be at the 
middle of the beam or not. 

For the B.M. at any section at a distance x, fron) one end is 
R X a:, and this is greatest when x is largest; that is, when the 
section is under the load. 

To find the reactions at the supports, we take moments about 
A and B, and get Eg x L = W x jw. 

• •. R, = r=^ W lbs. and R, = rp- W lbs. These are the values 

of the S.F. to the right and left of W respectively. 



m 



S.F. (to right) = ^ W 



lbs. 



S.F. (to left) = ^ W lbs. 



(vrii) 



Multiplying the first of these equations by n, or the latter by 
m, we get : — 



Maximum B.M. 



(tt') 



inch-lbs. 



(IX) 



We can now construct the diagrams of S.F. and B.M. : — 




2 S.F. curve is two 
straight lines. 

B. M. curve is two 
straight lines. 



Diagram op S.F. and B.M. for Sikole Load in ant positioit. 

Beam Supported at both ends and Loaded Uniformly.— As 

before, let the weight per inch-run be denoted by w, then the 
total load carried by the beam will be lo L lbs., and the reactions 



BEAM LOADED UNIFORMLY. 
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Rj and R2, will each he ^wJj lbs. Taking the forces to the right 
of the section D. 




Beam Supported at both ends and Loaded Uniformly. 



We get, S.F. 
And, B.M. 



R, 



B.M. 



vg - w X BD = ^wlt-w{^'L-x) = w X lbs. (X) 
RjxBD-M.BDx^BD 
= JwLxBD - |w. BD2 
= Jw. BD(L - BD) 
= iw(^Jj - a3)(|L + a;). 
= I «;(iL2 - jf 2) inch-lbs (XI) 

The limiting values of S.F. and B.M. are : — 

When, a; = ^ L ; then, S.F. = | «; L lbs.; and, B.M. = . (X«) 

When, a; = ; then, S. F. = ; and :— 

Maximum, B. M. = | «/ 1,2 inch-lbs. . (XIa) 

Plotting our diagrams of S.P. and B.M., we get the figure 
shown on next page. 

When a beam carries more than one load, or is loaded in more 
ways than one, the simplest and safest way is to consider each 
load separately, without regard to the others, and then combine 
the separate effects so as to obtain the resultant action, as in 
Example II. 

Example II. — Draw the bending moment and shearing force 
diagrams for a beam 12 feet long, supported at both ends, and 
loaded with weights of 4 and 6 tons at distances of 3 and 8 feet 
respectively, from one end of the beam. Explain fully the mode 
of arriving at these diagrams. (Adv. S. & A. Exam., 1887.) 

Answer. — Measuring distances from the left end of the beam, 
and considering each load separately, we have, for the i tons, to 
the left of the load : — 
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S.F.i = ^W = ;^x 4 = 3 tons. 



And, to the right of it :■ 
m 



12 



.P.,=^W = i x4=lton. 
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S.F. curve is a 
straight line. 

B.M. curve is a 

Earabola with vertex 
elow the middle of 
the beam. 



diaokam of s.f. and b.m. fob a beam supported at both ends aotj 
Loaded Uniformly. 

The maximum B.M.j due to this load is : — 

B.M.i = -^ — W = -T-H- X 4 = 9 ft.-tons. 

It occurs immediately under the load. 
Next taking the 6 -tons load, we have to the left of it : — 
n 



_4 
12' 



S.F.2 = J- W= :j^ X 6 = 2 tons ; 



And to the right of it : — 



S.F.2 = 1^ W = ^x 6 = 4 tons. 
The maximum B.M.j due to the 6 tons is : — 

B,M., = ^W = ^x6 = 16ft.-ton». 



EXAMPLE II. LOADED BEAM. 
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Plotting these results, we get the accompanying figure : — 




S.F, AND B.M. Curves for Example II. 

The thin lines show the actions of the separate loads, and the 
full lines their combined results, obtained by taking the alge- 
braic sum of the former. 

The student should here carefully observe the necessity of 
attending to the sign of the shearing force. Thus, between the 
weights we have a shearing force of 2 tons, which, on account qf 
its sign, is drawn below the base line ; also a shearing force of 1 
ton drawn above the base line. The resultant shearing force 
between the loads is therefore the diflFerence of these, and is 
drawn on the same side of the base line as the greater of its 
components. 

The bending moments everywhere along the beam are of the 
same sign ; therefore, to obtain the combined bending moment 
diagram, we have simply to add the ordinates of each separate 
diagram. Thus, to get the total bending moment at the section 
under the 6 tons load, we add F G (viz., that due to the 4 tons 
at that point) to F H (that due to the 6 tons). The result F K 
is therefore the total B.M. at that point. 
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It is quite sufficient to do this for the sections under each 
load, and then to join each of the points so obtained with 
each other and with the ends of the beam by straight lines. If 
drawn to scale, the B.M. at any other point can then be obtained 
by measuring the corresponding ordinate. 

Example III. — A horizontal uniform bar, 18 inches long, is 
laid over two supports, each 4 inches from its ends. Find two 
points at which the bending moments are zero. (Hons. S. & A. 
Exam. ) 

Answer. — Let w be the weight in lbs. per inch-run of the bar. 
Then the total weight of the bar will be 18 to lbs., and the 
reactions will each be 9 m lbs. 






R, 



fP> 



o~^ 



K- S' -->!<._ 4- .»! 



Ur - - 



_ 18' - 



- - ^ 



Illustrating Example III. 



Taking moments to the right of the section D at a distance 
X inches from the centre .of the bar, we get : — 

B.M. = E2(5 a;)-it).BDx^BD 

„ = 9i«i(5 - x) - \w. BD2 

„ = 9 to (5 - a;) - ^ m; (9 - a;)2 

„ = J M/ (9 - A-2) inch-lbs. 

The B.M. will be zero when %-x^ = Q; i.e., when a;=±3 
inches. ' 

Hence, the required poinis are 3 inches on each side of the 
centre, or 2 inches inside of the supports. 

Floating Beams. — When a solid body, such as a piece of wood 
of uniform density, floats in still water its weight and its buoy- 
ancy, or the resultant upward pressure of the water on the body, 
will at all points balance each other. There are consequently no 
shearing or bending stresses on the body, and each part is in 
equilibrium independently of the other parts. 



FLOATING BEAMS. 3f) 

But whenever those conditions are departed from, such as (1) 
when the floating body carries weights ; (2) when it is not of 
uniform density, due to want of homogeneity in its material, if 
solid, or to its being hollow, or of a boat form ; or (3) when it 
crosses waves, then bending and shearing stresses are set up. 

Consider the case of a uniform beam of wood of rectangular 
section floating in still water. The beam will displace an amount 
of water exactly equal to its own weight. This is true, not only 
for the beam as a whole, but also for every individual segment 
of the beam. Any segment of the beam will displace just as 
much, and no more, water than it would do if floating by itself. 
The beam, therefore, is as free from stress as it would be if it 
were lying on a perfectly flat surface. 

Suppose now that a weight W, be placed on the middle of a 
floating beam. This will cause the beam to sink to a greater 
depth and displace an extra volume of water. The weight of this 
extra displacement is exactly equal to W. " What, now, is the 
condition of the beam as regards straining forces 1 Evidently, 
we need only consider the weight W, and the extra displacement, 
due to its being carried by the beam ; because the upward 
reaction of the displacement due to the beam's own weight, is 
still at all points balanced by the downward weight of the beam. 
In other words, the condition of the beam, so far as its own 
weight and displacement are concerned, is in no way affected by 
the addition of the load. 

To give definiteness to our ideas, let W be expressed in lbs., 
and let L denote the length of the beam in inches. 

Then the forces we have to consider are : — 

(1) W lbs. concentrated at the middle of the beam and acting 
downwards. 

(2) The displacement of W lbs. of water uniformly distributed 

along the whole length of the beam and acting upwards, with an 

"W 
intensity of -j^ lbs. per inch of length. 

The case is, therefore, analogous to that of a beam uniformly 
loaded and supported at its centre ; or what is virtually the 
same thing, two beams of length equal to ^ L, fixed at one end 
and loaded uniformly. For, in order to obtain the shearing torce 
and the bending moment at any section of the beam, x inches to 

either side of W, we have simply to substitute y for to, and 

J L for L in equations (IV) and (V), and we get : — 

S.F. = ^(iL - jr)lbs (XII) 
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And, B.M. = 2^ {!j h - xf inch-lbs. . . (XIII) 

Under W the shearing force and bending moment are each a 
maximum. Their values may be found by making x = 0. 

Then the Maximum S.F. = J W lbs. . . . (XII„) 

And the Maximum B.M. = | W L inch-lbs. , (XIII„) 

■ The diagrams of S.F. and B.M. for this case are constructed 

in identically the same way as for a beam fixed at one end and 

carrying a uniform load, but taking J L as a base line instead 

of L. 

Suppose that, instead of one weight in the middle, the beam 

is loaded with two weights, one at each end, and each equal to 

W lbs., it is easy to see that the condition now is that of a beam 

2 W 
uniformly loaded with -y— lbs. per inch-run and supported at 

each end. We have, therefore, only to apply formulae (X) and 

2 W 
(XX), substituting -^j^ for m, when we get : — 

S.F.= ^.jrIbs (XIV) 

And, B.M. = -^(iL^ - A-2) inch-lbs (XV) 

Here the shearing force is a maximum when a; = J L, and the 
bending moment a maximum when x = 0. 

Or, Maximum S.F. = W lbs (XIV„) 

And, Maximum B.M. = :^ W L inch-lbs. . . (XV„) 

The diagrams of S.F. and B.M. are, therefore, in every way 
similar to those for a uniformly loaded beam supported at the 
ends. 

Travelling Loads. — The simplest case of a movable load is that, 
wherein we are given a weight," say a heavy cylindrical body, 
rolling along a beam, to find the equations of maximum S.F. 
and B.M. for any position of the load, and exhibit these results 
in a diagram. 

Referring to formulae (VIII) and (IX), and the diagrams 
already deduced for a fixed load in any position on a beam, we 
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have for the maximum S.F. to the immediate right of the 
load : — 

S.F. = -"^ W lbs. 

And, to the immediate left of the load :^ 

S.F. = - -^ W lbs. 

For the maximum B.M., which occurs immediately under the 
load : — 

B.M. = -'"'^Winch-lbs. 
Li 

Putting m = X so that n = Jj — x, we obtain, when the 
load is X inches from the left end of the beam : — 

W \ 

The Maximum S.F. (just to right of the section) = j- X | 

,, ,, 0'ms< to left of the section) = -=-(x-L) I 

W 
And, Maximum B.M. =-j-(L - x)x (XVII) 

To construct the diagram of S.F., we observe that its equation 
is that of a straight line, and that to the right of the section 
considered its value is zero when the load just starts from the 
left end of the beam, and increases uniformly as the load 
approaches the other end. That is : — 

When, X = 0; then, S.F. = 0. 

Also when, a; = L ; then, S.F. = W lbs. 

There is also another line for the shear at all positions just 
to the left of the load. This line passes through B, and its 
oi'dinate is - W at the end A. 

The equation of the B.M. curve is that of a parabola, whose 
axis is vertical, and passes through the middle point of the 
beam, where, of course, the maximum value of B.M. occurs. To 
construct this diagram, we have : — 

When, a; = 0, or a; = L ; then B.M. = 0. 

Also when, a; = ^ L ; then B.M. = ^ W L inch-lbs. 
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DlAGBAMS OF MAXIMUM S.F. AND B.M. TOR ROLLING LoAD. 

Two Loads moving at a fixed distance apart. — From the above 
simple case we may easily pass to a very important practical 
example of moving loads — ^viz., overhead travelling cranes. 

Here the crane rests on a carriage with four wheels running 
on two rails carried by girders, the weight of the whole machine 
together with the load being equally distributed over the wheels. 
Hence, considering one girder only, our problem is reduced to 
that of two equal loads moving along the girder at a fixed 
distance apart. 



..ifc^ 



w 



i<"» 




Illustrating Travelling Crank Problem. 

In the figure let W be the weight resting on each wheel, and c 
be the distance between their centres. If the motion be supposed 
to be in the direction shown by the arrow, it is evident that 
until the carriage gets to the middle of the girder the maximum 
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shearing force and bending moment will occur under the leading 
wheel — that is, if we estimate the shearing force to the im- 
mediate right of the wheel. But as the same thing takes place 
in the reverse order when the carriage moves from the other 
end of the girder in the opposite direction, we shall take the 
section of the girder immediately under the following wheel 
and estimate the shearing force and bending moment for that 
position. This method of procedure will be found to lead to 
simpler equations than if we had taken the leading wheel as our 
point of reference. 

Now, considering the forces acting to the left of the wheel, we 
easily see ; — 

That, S.F. = Rj. 

And, B.M. = Rj X a;. 

To find Rj we take moments about B, which gives us : — 

Rjx L = W{L-(a; + c)} + W(L-a!) 

„ „ =W{2(L-a;)-c}. 

Ri=?{2(L-x)-c}. 

W 
Hence, S.F. = j-{2{L~ x)-c}. . . . (XVIII) 

And, B.M. = J{2(L-.r)-c}/. . , . (XIX) 

The equation for the S.F. is that of a straight line, and for the 
B.M. a parabola. To find the position and dimensions of those 
diagrams, we see that : — 

W 
When a; = 0, S.F. = ^ (2 L - c), and B.M. = 0. 

Again, both S.F. and B.M. will vanish when 2 (L - a;) - c= ; 

that is, when a; = L - ^ • 

To find the maximum ordinate of the B.M. curve, we have 
the condition that, when the B.M. is a maximum : — 

-^ (B.M.) = 0. 

ax ^ ' 

That is, T- {2 (L - a;) - c} a; = 0. 
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Or. ^^{(2L-c)x-2x^] = 0. 

(2L-c)-4a; = 0. 

R L e 

Jience, X = 77 — "T * 

The shearing force diagram will, therefore, consist of two 
straight lines parallel to each other, and the bending moment 
diagram will consist of two equal parabolas intersecting at the 
middle of the girder. The axes of these equal parabolas will 
be equidistant from the middle of the girder and J c units 
apart. 

The following numerical example will elucidate this important 
case much better than a bare examination of formulae: — 

Example IV. — In a travelling crane of 40 feet span the load 
is supported on a carriage which runs upon two similar girders, 
the axles of the carriage being 8 feet apart, and a load of 2 J tons 
coming upon each wheel. Obtain a diagram showing the maxi- 
mum bending moment at every section of the girder, and give 
the numerical values at distances of 10, 15, and 20 feet from one 
end. (Hons. S. & A. Exam., 1880.) 

Answer. — Applying our general formulae, we have, for the 
bending moment at any distance x ft., from one end : — 

W ,- 
B.M. = ~ [{2Ij-c)-2x']x. 

Here, W = 2-5 tons, L = 40 ft., and c = 8 ft. 

B.M. =-^ [80-8-2a!Ja;. 

Or, B.M. = i (36 - a;) a; ft.-tons. 

For the numerical values asked for, we have : 

When a; = 10 ft.; B.M. = ^ (36 - 10) 10 = 32-5 ft.-tons. 
When a: = 15 ft.> B.M. = i(36 - 15) 15 = 39-375 ft.-tons. 
When a; = 20 ft.; B.M. = | (36 - 20) 20 = 40 ft.-tons. 

We have seen, that the B.M. attains its maximum value 
when ; — 

L c 40 8 , „ , 

" = T-T=2--T=i»^- 

Hence, the maximum B.M. = |(36 - 18) 18 = 40-5 ft.-tons. 
The S.F. is not asked for in the question, but we here add it 
BO as to make the example more complete. 
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The maximum S.F. occurs when a; = 0, and when a; = L, its 



value for this case then being : — 

2-5 



Maximum S.F. =-t77-(80 - 8) = 45 tons. 



40 



8 



And, like the B.M., it is zero when a; = 40 — -jj- = 36 feet. 

'Phe following figure shows the S.F. and B.M. diagrams as 
required for this example. 



4S 




Diagram of Maximcm S.F. and B.M. tor a Travelling Ckanb. 

Distributed Travelling Load. — The last case we shall consider 
is that in which a continuous load of uniform density, and 
long enough to completely cover it, comes on to a girder and 
moves off at the other end, such as a long train of uniform 
weight passing over a bridge. 




Illustrating Travelling Load op Uniform Intensity, 

In the figure, let lo denote the load per unit of length. When 
the load is in the position shown, it is clear that the S.F., at 
all points to the right of C, will be equal to Bj ; and that at any 
section D, to the left of C, the S.F. will be less than Rj by the 
weight of the portion of the load covering CD. It at once 
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follows that the S.F. is greatest at C, the front of the load, and 
this is true for all positions of 0. 
Hence, S.F. = Rj. 

Taking moments about A, we have : — 



R^xL 



„ wx- 
^2- 2L- 



That is, 



S.F. = 



2L 



(XX) 



The shearing force is, therefore, proportional to the square of 
the length of the part of the load resting on the girder. 

The curve of the maximum bending moment is very easily- 
deduced in this case. We have only to remember that the B.M. 
at any fixed section in the girder will get greater and greater for 
^yecj additional part of the load that comes upon it ; so that 
when the girder is wholly covered by the load the B.M. at every 
position will then be a maximum. The B.M. diagram is there- 
fore identical with that given for a beam loaded uniformly, 
whilst the S.F. diagram becomes a parabola instead of a straight 
line. 

The following figure shows how the S.F. and B.M. diagrams 
are constructed for this case. 




S.F. AND B.M. DiAORAMS FOR TRAVilLLING CoNTDflJOUa 

Load of UNirokM Intensity, 
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Lectueb II. — Questions. 

1. Define "bending moment" and " shearing force.'" A uniform beam 
weighing 15 cwts. rests on suppoi ts at its ends 20 feet apart. The beam 
is loaded with three weights of 4, 6, and 10 cwts. at distances of 2, 7, and 
12 feet respectively from one of the supports. Knd the B.M. and S.F. 
at a point 8 feet from the same support. Ans. B.M. — 98 ft. -cwts. ; 
S.F. = 3 cwts. 

2. A bar of pine 48 inches long rests on props at its extremities, and just 
supports 7 weights, of 14 lbs. each, hung at equal intervals of 6 inches 
along the bar. Find the value of a single weight, which, if hung at the 
centre of the bar, would stress it to the same extent. 

3. A batten ot lir, 6 feet in length and supported at its extremities, will 
just sustain a load of 520 lbs. when hung at the centra. If this weight be 
removed, and two weights, each equal to P lbs. , be hung at distances of 
2 and 4 feet along the bar, what is the greatest value which may be 
assigned to P ? Ans. .390 lbs. 

4. A beam, 20 feet long, whose weight is neglected, is supported at both 
ends and loaded with 1 ton evenly distributed along its length. Find 
the bending moment at a distance of 7 feet from one end. Ant. 5,096 
ft. -lbs. 

5. A beam, whose weight may be neglected, rests on supports at its ends 
15 feet apart. Weights df 10, 6, 5, and 12 cwts. rest on the beam at 
intervals of 3 feet apart, the weight of 10 cwts. being 3 feet from one 
support. Find the points where the maximum bending moment and 
shearing force occur, and obtain their values. Construct the diagrams 
of bending moments and shearing force for the whole beam. Ana. The 
max. B.M. = 66 ft. -cwts., and occurs at all points between the weights 
6 and 5 cwts.; the max. S.F. = 17 cwts., and occurs at the point where 
the weight of 12 cwts. rests. 

6. A uniform cantilever, or beam fixed at one end and free at the other, 
10 feet long, weighs 6 cwts., and carries two loads, one of 2 cwts. at the 
free end, and the other 4 cwts. at its middle point. Construct the 
shearing force diagram for the whole cantilever, and find the shearing 
forces at points 2^ feet and 6 feet from fixed end. Ans. 10 '5 cwts.; 
4 '4 cwts. 

7. A block of wood weighing 800 lbs., 20 feet long and 12 inches square, 
floats in water, and is loaded — 

(1) By a weight of 200 lbs., placed at each extremity; 

(2) By a weight of 400 lbs. at the centre. 

Show what forces act on the beam, and draw the curves of shearing force 
and bending moment for each case. 

8. A girder is supported at both ends, and has a clear span of 30 feet. 
Show by means of a curve the position and magnitude of the greatest 
bending moment produced by a load of 20 tons as it rolls from one end to 
the other of the girder. Obtain the numerical results for distances respec- 
tively of 10 and 15 feet from one end. 

9. Prove an algebraic formula to show that, with a continuous load of 
uniform intensity passing over a beam A B such as when a long train 
passes over a bridge A to B, the maximum shearing stress to any point 
K. of the beam occurs when the part A K is fully loaded while the part 
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E B is entirely unloaaed, and thiio the magnitude of the stress is propor- 
tional to the square of the distance of K from the point A. A train of 
1 ton per foot run, and upirards of 100 feet in length, passes over a bridge 
of 100 feet span ; what would be the maximum shearing stresses at 
distances of 25 and 50 feet respectively from one end of the bridge? 
Show how to determine graphically the shearing stresses in the beam. 

10. Prove the ordinary formula for the deflection of a beam of length I, 
supported at its ends and loaded in the middle with a load W. A beam of 
uniform rectangular section supported at the ends is 20 feet between the 
supports ; what should be its depth in order that the deflection may not 
exceed •2i5 inch under a maximum stress of 8,000 lbs. per square inch of 
section ? E = 28 x 10* lbs. per square inch. 

11. A wall hag to be carried over a gap of 16 feet, and it is proposed to 
use a rolled steel joist for the purpose. What size of joist would you adopt 
from the following data : (a) the weight of wall is equivalent to a uniformly 
distributed load of 2,600 lbs. per foot run of joist ; (6) the greatest intensity 
of stress per square inch is not to exceed 5 tons ? (C & G. , 1900, H. , Sec. A. ) 

12. Show how to obtain, and sketch the diagrams of maximum possible 
bending moment and maximum possible shear for a uniform rolling load of 
a given amount per foot run, as it passes over a girder of given span. 

(0. & G., 1900, H., Sec. A.) 

13. A girder of 22 feet span is supported at the two ends, a load of 10 
tons rests on a point 2 feet from the left end, and two other loads of 6 and 
7 tons respectively, at distances of 7 and 13 feet respectively from the first 
load : find the bending moment in inch-tons under each load, and also the 
shearing force. (C. & G., 1900, 0., Sec. B.) ■ 

14. A steel joist is used as a girder on a span of 17 feet 6 inches, and is 
freely supported at the two ends. It carries a uniformly distributed load 
of 18 cwts. per foot run, and two concentrated loads, one of 3 tons 3 feet 
from the left-hand support, and another of If tons 10 feet from the same 
end. Find the bending moments in inch-pounds under each of the concen- 
trated loads, and also at the centre of the girder, and also the shearing 
forces in pounds at each of these points. Sketch the bending moment 
diagram for the whole girder. (C. & G., 1901, O., Sec. B.) 

15. A girder, supported at the two ends, is 10 feet long, and is loaded 
uniformly with a load of i ton per foot run, and also carries a weight of 3 
tons placed 2 feet from one support. Sketch the curves of shearing force 
and bending moment, and find their numerical values at the centre of the 
span and at a section immediately under the concentrated load. 

(0. &6., 1902, 0., Sec. B.) 

N.B. — See Appendices B and C for otJier qiiesiions and answers. 
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Lecture II. — A M.Inst.C.E. Exam. Questions. 
1. A cantilever 20 feet long carries the loads shown in the sketch. Draw 

Vfton 'itm 'itm 



Ih. 



— 20 reel 



diagrams of bending moment and shearing force. (I.C.B., Oct., 1897.) 

2. A rolled steel joist 40 feet in length, and having the section shown in 
the fig. — which may be taken as equivalent to depth 10 inches, breadth 
5 inches, thickness throughout J inch — is continuous over ^^^^^^ 
three supports, forming two spans of 20 feet each. What '"^OM^^^*' 
uniformly distributed load would produce a maximum stress ^ 

of 5J tons per square inch ? Sketch the diagrams of bending ^ 

moments and thearing force. (I.C.E., ifct., 1898.) ^ 

3. A rectangular beam of timber, 12 inches square and ^ 

15 feet between supports, is subjected to a uniformly dis- ,fm^^»K%. 
tributed load of 200 lbs. per foot run. Illustrate diagram- 
matically the distribution of shearing and longitudinal stresses over a 
transverse section 3 feet from one of the supports, and determine the 
greatest intensity of each stress. (I.C.B., Feb., 1898.) 

4. A train, equivalent to a uniform rolling load of 30 owts. per foot, has 
entered upon a single-line girder bridge of 100 feet span, and extends over 
80 feet of the span (from the first abutment). The dead weight of the 
structure is a uniform load of 1 ton per foot. Calculate the vertical 
shearing force at the head of the train, due to dead and live loads, taking 
both girders together. (I.C.E., Oct., 1898.) 

5. If the rolling load, in the last-mentioned case, consisted of any known 
system of loaded axles, how would you proceed to find, by calculation or 
by graphic construction, the maximum shearing forces at various points in 
the span, due to live load only? (I.C.E., Oct., 1898.) 

6. In the beam ABODE, the length (AE) of 24 feet is divided into 
four equal panels of 6 feet each by the points B, C, D. Draw the diagram 
of moments for the following conditions of loading, writing their values at 
each panel-point : — 1st. Beam supported at A and E, loaded at D with a 
weight of 10 tons. 2nd, Beam supported at B and D, loaded with 10 tons 
at C, and with a weight of 2 tons at each end A and E. 3rd, Bea \\ 
encoistri from A to B, loaded with a weight of 2 tons at each of the points 
C, D, and E. (I.C.E., Oct., 1898.) 

7. A floating balk of timber, 40 feet long, of straight prismatic form, 
carries a weight of 6 cwts. slung from its centre. Sketch the diagram of 
bending moments in the beam, and calculate the shearing force at a point 
10 feet from the end. (I.C.E., Oct., 1898.) 

8. A horizontal beam span 2a is supported at the ends and loaded 
uniformly with w lbs. per foot run ; show that the shearing force and 
bending moment at any point distant x from the centre are given by the 
formulae : — 

F = ica; M. - iw (a' - x'^). 

Show how these straining actions are represented graphically. 

(I.C.E., Oct., 1899.) 

2 4 
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9. A beam 24 feet span is supported horizontally at the ends, and loaded 
with weights of 3 and 5 tons concentrated at points distant 8 and 18 feet 
from one end. Construct roughly to scale diagrams showing the shearing 
force and bending moment at any point. (I.C.E., Oci., 1899.) 

10. Explain carefully the connection which exists between the shearing 
force and the bending moment at any point of a loaded beam, (1) when the 
load is continuous, (2) when it is concentrated at various points. Illustrate 
your remarks by reference to the special cases given in questions 6 and 7. 

(I.C.B., Offll., 1899.) 

11. The platform of a bridge, 40 feet span, rests on a pair of girders 
below and is loaded uniformly with 2,000 lbs. per foot run. Construct 
to scale diagrams showing the shearing force and bending moment at any 
point of one of the girders, and find the maximum values of these straining 
actions. (I.C.E., J^'eJ., 1900.) 

12. A four-wheeled truck weighing 8 tons traverses the bridge of the 
preceding question ; 5 tons resting on the leading pair of wheels and 
3 tons on the following pair, axles 8 feet apart. Find the maximum 
straining actions at the centre of one of the girders. (I.C.E., Feb., 1900.) 

13. A rectangular tank 10 feet square is carried by three beams below, 
each supporting an equal share of the whole weight of 14 tons. The 
section of each beam being rectangular, depth 8 inches, breadth 3 inches, 
find the maximum stress on the material. (I.C. E., Feb., 1900.) 

14. A girder of uniform section is continuous over the two centre piers 
of a bridge of three equal spans, the ends being simply supported by 
piers at precisely the same level. Find the points of contrary flexure, 
and construct diagrams showing the shearing force and bending moment 
at any point when uniformly loaded throughout. (I.C.E., Feh., 1900.) 

15. A rigid body of unit width is rectangular in vertical section, which is 
30 feet long and 10 feet high. A force of 20 tons is applied vertically to 
its upper surface, one-third the length from one vertical face, on the centre 
of which a normal force of 10 tons acts. If the specific gravity of the 
block is 2i, find the distribution of pressure on the base. 

(I.C.E., Feb., 1900.) 

16. A beam, AB CD, whose length, A D, is 40 feet, is supported at the 
two points, A and C, which are 30 feet apart. The beam itself weighs 112 
lbs. per lineal foot, and it carries a load of 1 ton at the overhanging end, 
D Find the reaction at the support, C, and also the bending moment at 
a point, B, midway between A and C. (I.C.E., Oct., 1900.) 

17. A cantilever bridge (of the Kentucky type) consists of three equal 
spans, A B, B C, and C D, of 300 feet each, the girder being hinged at two 
points, F and G, which are situated in the side-spans at a distance of 200 
feet from each end of the bridge ; so that A F is a span of 200 feet carried 
at F upon the cantilever, FB, 100 feet in length, forming part of the 
girder, F B C G, which is supported at B and at C. Assume a uniform 
dead load of 3 tons per foot lineal throughout, and a rolling load equiva- 
lent to 2 tons per foot of train. Calculate the bending moment at the 
centre of each span — first, when the rolling load extends from B to C ; 
and second, when it extends from A to B and from C to D. 

(I.C.E., Oct., 1900.) 

18. A beam is laid horizontally upon two supports which are 12 feet 
apart, and projects at each end 6 feet beyond the support. A load of 
2 tons is carried upon each of the projecting ends, and a load of 1 ton 
upon the centre of the span. Calculate the bending moment at the centre 
and also at each support ; and sketch the diagram of moments neglecting 
the weight of the beam. (I.C.E., Feb., 1901.) 



A.M.INST.C.B. QUESTIONS. 51 

19. If a straight prismatic balk of timber floats in a horizontal position 
with a weight of 4 owts. hung to each end, what will be the bending 
moment at the centre of its length? (I.C.E., Feb., 1901.) 

20. Two piers in a cantilever bridge stand at a distance of 240 feet apart 
(between centres of supports) and the span is crossed by a girder 320 feet 
in length, whose ends project as cantilevers extending 40 feet beyond each 
support. A uniform load of 15 cwts. per foot is distributed over the whole 
length of this girder, while each cantilever carries 60 tons at the extreme 
end. Find the bending moment at each pier and at the centre of the 
span. (I.C.E., Feb., 1901.) 

21. Construct the diagram of moments for the case described in the previous 
question, and calculate the shearing force immediately to the right and to 
the left of each support. (I.C.E., Feb., 1901.) 

22. Determine by exact computation the position of the points of 
contrary flexure in the girder described in the two previous questions. 

(I.C.E., Feb., 1901.) 

23. The total length, A B, of a floating pontoon is 80 feet, and the 
centre-line, A B C D E, is divided into four equal parts by the intermediate 
points, B, C, and D. The pontoon has a uniform weight per foot lineal 
and a uniform cross-section throughout, and floats without sensible curva- 
ture with a uniform draught of water. Regarding the vessel as a girder, 
construct the diagram of bending moments for the following loads : — • 
(1) A single load of 240 tons at C. (2) A load of 80 tons at each of the 
points, B, C, and D. In the latter case find the moments at 10 feet 
intervals from A to C. (I.C.E., Feb., 1901.) 

24. A girder, crossing a span of 120 feet, carries a uniformly distributed 
load of 10 cwts. per foot and a central load of 20 tons. Find the vertical 
shearing force at a section 30 feet from either support. (I.C.E., Feb., 1901.) 

25. In a certain ship 450 feet in length it is found, that for the central 
200-foot length, the weight of the displaced water corresponding to this 
length exceeds the weight of that portion of the ship by 900 tons, while in 
each of the 125-foot end sections their weight exceeds that of the water 
displaced by 450 tons. Eind the maximum bending moment in the ship's 
structure (its total weight is 7,000 tons) when lying in still water. 

(I.C.E., Oct., 1901.) 

26. A rolling load of IJ tons per foot run crosses a bridge of 120-foot 
span. Find the maximum beuaing moments and shearing forces which 
can occur at sections of the bridge distant 30, 60, and 90 feet respectively 
from one end. Sketch diagrams of maximum possible bending moments 
and shearing forces for the whole bridge produced by the above rolling 
load. The main girders of the bridge are of the bowstring type. Show 
how you could determine by the method of sections the maximum stresses 
in the diagonals and verticals produced by the above rolling load. 

(I.C.E., Oct., 1901.) 

27. A continuous girder consists of two equal spans of 45 feet each. 
Determine the bending moments at the supports, the maximum inter- 
mediate bending moments and the reactions, if a uniformly distributed 
load of 2,000 lbs. per foot run covers both spans. Assume both ends of 
the girder are free. (1. 0. E. , Oci!. , 1 901 . ) 

28. A beam supported free at the two ends, bends under its own weight ; 
find the upward force at the centre which will just neutralise this bending 
action, expressing the answer in terms of the weight of the beam. 

(I.C.E., Oct., 1901.) 

29. A beam of timber 15 feet long, 18 inches by 12 inches cross-section, 
floats in sea water, and is loaded at the centre with a weight just sufficient 
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to totally immerBe it. Find the maximum values of the bending moment 
and shearing force on the beam, and state approximately how they vary. 
(Specific gravity of oak 0-73, of sea-water 1 'OSe.) (I.C.E., Feb., 1902.) 

30. A steel rail is 32 feet long and weighs 100 lbs. per yard. It rests on 
two supports, one at one end of the rail, the other at a point 10 feet from 
the other end of the rail. Find the position and amount of the maximum 
bending moment and shear when a weight of 200 lbs. hangs from the free 
end. Construct the bending moment and shearing force diagrams for this 
rail. (I.C.E., Feb., 1902.) 

31. A girder has a span of 40 feet, and two rolling loads of 10 tons and 
15 tons respectively 10 feet apart pass over it. Find the maximum bending 
moment which can occur at any section and the maximum shear, and 
construct diagrams of maximum possible bending moment and shear. 

(I.C.E., Feb., 1902.) 

32. In a bridge, 120 feet span, with eight bays, the main girders are con- 
nected together by trough flooring, on which a uniform live load of 2 tons 
per foot moves. Draw the positions of the moving load which would give 
a maximum stress in the braces. (I.C.E., Oct., 1902.) 

33. Compare the loads which can be safely carried at the centre of a bar 
12 feet long, 6 inches deep, and 2 inches broad, and of a girder of the same 
length and cubic contents whose overall depth is 14 inches and breadth of 
flange 44 inches, thickness of web J inch. (I.C.E., Oct., 1902.) 

34. A girder 70 feet long carries a uniform load of 2 tons per lineal foot 
from one end to the middle, and a load of 20 tons at 20 feet from each end; 
draw the bending-moment and shearing-force diagrams. 

(I.C.E., i*'e6., 1903.) 

35. In a plate girder the maximum intensity of stress at right angles to 
the vertical cross-section of the web is 5 tons per square inch, and the 
intensity of shearing stress there is 2 tons per square inch ; find the position 
of the planes of the principal stresses at that point and their intensities. 

(I.C.E., Feb., 1903.) 

36. Would two similar girders of the same length carry more weight if 
placed alongside each other, or if one is placed over the other, and the 
lower flange of one is riveted to the upper flange of the other? Give 
reasons for your answer. (I.C.E., Feb., 1903.) 

, N. B. — See Appendices B and Cfor other questions and answers. 
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LECTURE III. 



Contents. — Resistance of Beams to Flexure— Examples I., II., III., and 
IV. — Thin Wrought-Iron Girders — Example V. — Curvature and De- 
flection of Beams — Example VI. — Uniform Beam on Tliree Supports 
— Uniform Beam iixed at one end and supported at the other— Beams 
fixed at both ends and loaded at centre — Beams fixed at both ends and 
loaded uniformly — Tables — Example VII.— Questions. 

Resistance of Beams to Flexure. — In the previous Lecture we 
saw that the effect of loading a beam was to give rise to both 
shearing and bending. 

From the theory of couples set forth in Vol. I. we know that 
nothing but a couple can balance a couple. The resistance 
which a beam offers to bending must be of this nature, and 
therefore a couple of equal magnitude to that of the applied load, 
but of opposite tendency. The tendency of the applied couple 
is to bend or curve the beam, whilst the tendency of the 
induced couple is to oppose this curving action. 

When a beam is curved the longitudinal fibres on the convex 
side of it are stretched beyond their normal length, and con- 
sequently they are in tension. On the concave side the fibres 
o 
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Illustrating Flexfrb of Beams. 



are shortened, and, therefore, they are in compression. Some- 
where within the beam there must be a layer of fibres that are 
neither lengthened nor shortened, and are therefore unstressed. 
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This layer is termed the neutral surfyce of the beam, and the 
intersection of this surface with any cross-section of the beam is 
termed the neut/ral axis of that section. The neutral axis is of 
fundamental importance in the theory of beams, because it is the 
fulcrum about which both the bending and resisting couples act. 

We shall now find the position of the neutral axis of any 
given section' of a beam. 

Let I be the length of a small portion of the neutral surface ; 

I' that of a parallel layer of fibres on the stretched side of the 

beam, and at a distance y, from the neutral surface. Ti V = I 

when the beam is straight, it is evident that the amount of 

stretch in the fibres at distance, y, from the neutral surface will 

V — I 
be I' — I, and the strain — y- . Let p denote the radius of cur- 

vature of the neutral surface at the cross-section bisecting I. 
Then the radius of curvature corresponding to I' will he = p + y. 



Hence, =^ -j, 

f I 



Or, 



y _l'j-l 



If / be the tensile stress at distance y, from the neutral axis, 
and E the modulus of elasticity of the material, we already 
know that : — 

stress _ 

-r—r- = E, 

strain ' 

' I 



« . I —I 

(I) 



Substituting — for —p, and inverting, we get :■ 



If we had considered in the same way a layer of fibres at a 
distance y', to the concave side of the neutral surface, and 
denoted the stress there as -/' (the minus sign indicating com- 
pressive stress), we should have arrived at the equation : — 
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Let o be a small element of the cross-sectional area at a 
distance y, then on the one side of the neutral axis we liave for 
the total resistance to tension : — 

20/= y Sat/ (II) 

On the other side of the neutral axis the total resistance to 
compression is : — 

-Sa/'=^ Saf/' (II,) 

But these forces constitute a couple, and are therefore equal. 

Hence, equating the right hand members, we have, neglecting 

E 
the common factor, — ; — 2 ay — 1,a%f. 

The neutral axis, therefore, passes through the centre of area 
of each cross-section. If, however, B be not the same for Tensile, 
and Compressive stresses, then the N.A. will not pass through 
the centre of the area, but will lie to the side having the greater 
value of E. 

To obtain the magnitude of the resisting couple, we multiply 
the resistances, af and af, by their respective distances, y and 
7/', from the neutral axis, and sum up these products for the 
whole section. Thus, from equation (II) the total moment of 
resistance on the convex side of the neutral axis is : — 

■p 
2 o-fy = r2 a 2/^ ; 



f 



And on the concave side :- 



■p 
- 2 af y' = —2 a y"^. 

The sum of these results constitutes the total Resisting 
Moment, B.M., for the section. 

Hence, R.M. = 5 2 a y^ + - 2 a y'\ 

There is now no longer any need for distinguishing between 
y and y', since the process of summation is the same all over the 
cross-section. We, therefore, finally get : — 

R.M. = -2ay2 (HI) 

The quantity 2 a y^, being a purely geometrical function, 
depending only on the form of the section, is termed its 
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Moment of Inertia, and is usually denoted by the symbol I, and 
sometimes by the product Ak^ (see Lecture XII., Vol. I.). 
Table II., Lecture XII., gives the values of kr for most of 
the sections required in the following examples. These multi- 
plied by A will give the required values of I. 

Writing I for 2 a y^, our equations become : — 

B.M. = R.M. = — . 

P ' 

I M 
Or, the curvature, — = ^tj (IV) 

Where M stands for either the B.M. or R.M. 
Again, from equations (I) and (I^), we get : — 

/ _ E _ M • 

y ~ P ~ I 

M = ^I \ (V) 

Or, /=?, 

Formulae (IV) and (V) are the fundamental equations of the 
theory of the strength of beams and girders. In applying the 
latter equation, it must always be borne in mind that f stands 
for either the tensile or compressive stress at any distance y, 
above or below the neutral axis. 

The greatest stress comes on the fibres farthest from the 
neutral axis, and is the principal effect to be considered in 
questions of strength. If this is amply provided for, the beam 
will be safe. Let y now denote the distance of the fibres farthest 
from the neutral axis : — 

M I 

Then, /™«». = T '^ ^ = ^ " 7 

The ratio - is usually denoted by Z, and is called the Modulus 
of the Section.* 

* See Prof. Unwin's Elements of Machine Design, Pages 56 to 59, for a 
table of the moduli of sections of beams, where Z = - . Also, in Seaton & 

y 

Rounthwaite's Pocket Book of Marine Engineering Rules and Tables, from 
which we extracted the tables at the end of this lecture, we also find 

Z = - as the modulus of the section. 

y 
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Hence, writing Z for - , we have : — 

/ =- ) 

Jrmx. Z I (VI) 

Or, M = Z/^. I 

In applying this equation the student must be careful to 
remember that in those cases where the section of the beam or 
girder is not symmetrical about the neutral axis, there will be 
two values of y to be taken into account, and therefore two 
values of Z. On the whole, we think it safer to adhere to the 
general formula (V) as being less likely to lead to confusion ; at 
the same time, it is very convenient to use equation (VI) in 
taking out quantities in the drawing office by aid of tables since 
it reduces the work of calculation. 

Example I. — A floor joist, 12 inches deep and 3 inches broad, 
has a span of 15 feet, and carries a uniformly distributed load of 
1 cwt. per foot-run. Mnd the greatest intensity of stress within 
the timber. (S. and A. Adv. Exam., 1891.) 

Akswek. — In problems involving the calculation of stress 
within the beam, the student will find it best to express all 
dimensions in inches, and, therefore, bending moments in inch- 
lbs. or inch-tons as the case may be. 

In this problem the greatest stresses will occur at the middle 
of the joist where the bending moment attains its maximum 
value, which, in this case, is : — 

Max. B.M. = ^ M) L2 inch-lbs. 



Here, 



W = -ys" lbs. 

And, L = 15 X 12 inches. 

B.M. = I X (^^ X (15 ^ 12)2 inch-lbs. 

Or, B.M. = 14 X 15 X 15 X 12 „ 

The value of I for a rectangular section is : — 

I = Yg (breadth) x (depth)*, 
Or, I = j2 >< 3 X 123 = 3 x 12 X 12. 
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■ The greatest stress at the middle section of the joist will 
occur in the fibres farthest away from the neutral axis. Hence, 
y = 6 inches. 

Applying equation (V) we have : — 

. B.M. 

/= -^ y. 

14 X 15 X 15 X 12 , „, ,^ 
„ = o 12 v> — X 6 = 525 lbs. per sq. in. 

Example II. — A uniform beam of oak, 10 feet long, 15 inches 
deep and 10 inches wide, sustains, in addition to its own weight, 
a load of 5,000 lbs. placed at the centre. Find the greatest 
bending moment and the greatest stress in the fibres. 

The specific gravity of oak is 0'934. (S. and A. Adv. Exam., 
1894.) 

Answer. — Here the greatest bending moment takes place 
at the centre of the beam and is made up of two parts : (1) that 
due to the beam's own weight which is uniformly distributed 
along its length ; and (2) that due to the 5,000 lbs. concentrated 
at its middle. 

For (1), B.M.J = iwU inch-lbs. 

And for (2), B.M.^ = i W L 

.-. Total, B.M. = I «; L2 + ;J W L inch-lba. 

Taking the weight of a cubic inch of water as 0'036 lb., then 
a cubic inch of oak wiU weigh 0-934 x 0-036 = 0-0336 lb. 

M) = 0-0336 X 15 X 10 = 5-04 lbs. 

And, B.M. = i X 504 X (10 X 12)2 + i X 5^000 x (10 x 12) 

„ = 9,072 + 150,000 = 159,072 inch-lbs. 

Here, I = t]jj x 10 x 15* = ^ x 5 x 5 x 15 x 15 

And, y = I X 1 5 inches. 

r B.M. 159,072 , ,_ 

/ = ^-y= ^^g^5^15,l -5x^xl5 

„ = 4241 lbs. per sq. inch. 

Example III. — A round steel spindle 10 inches long, and held 
at one end, revolves at the rate of 150 revolutions per minute 
round a vertical axis, to which the axis of the spindle is parallel 
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and from which it is 2 feet distant. The spindle has a uniformly 
distributed load, the whole revolving weight being 30 lbs. 
What should be the diameter of the spindle when the safe 
working stress of the material in tension or compression is taken 
at 25,000 lbs. per square inch t (S. & A. Hons. Exam., 1891.) 

Answer. — The spindle in this problem may be likened to a 
beam fixed at one end and carrying a uniformly distributed load. 
The load being not the revolving weight of 30 lbs., but the 
centrifugal force of that weight due to its being whirled round 
at the rate of 150 revolutions per minute. 

Velocity of spindle, = ^^r = 10 t ft. per sec. 

_ ^ .. , . 30 X (10 X t)2 1500 X ir2 ,, 
Centrifugal force, = go ^ n — ^ 32 

This force, multiplied by half the length of the spindle, gives 
us the bending moment at the fixed end of the spindle : — 

That IS, B.M. = ^o x ->- inch-lbs. 

If D be the diameter of the spindle in inches, then from Lecture 
XII., Vol. I., we get :— 

The Moment of Inertia, I = -^ D* 

I IT 

And the Modulus of Section, Z = --r = -qs-D'. 

T' 

Now, /Z = B.M. ; and, / = 25,000 lbs. per sq. inch. 



• • 


25,000 X 


32 


-D3 = 


1500 T« 
32 '^ 


10 
2 


Or, 


I 




D» = 
D = 


0-3 X ff = 


= 0-94248 


Hence 


^0-94248 


= 0-98 inch. 



Example IV. — The section of a cast-iron girder, and the 
maximum safe tensile and compressive stresses being given, 
explain how to determine its moment of resistance to bending. 
The dimensions of the section of a cast-iron girder are the 
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follo-wing : — Top flange, 4 by 1^ inches; bottom flange, 12 by 

If inches; web, 16 by 1^ inches. Determine the moment of 

resistance, the greatest permissible tensile and compressive 

stresses being 2^ and 7^ tons per 

square inch respectively. If the girder k - 4"-->' 

be 20 feet long, and is supported at 

its two ends, find the greatest safe load 

which it will carry when uniformly 

distributed along its length. (S. and 

A. Hons. Exam., 1895.) 

Answer. — As this is an excellent 
example for showing the student how 
the E..M. of a girder section is cal- 
culated, we shall go into the matter 
in detail. Let the accompanying 
figure represent the cross-section in 
•yiiestion. 

We have first to find the position 

of the neutral axis N A, by writing 

down the sectional areas ol the 

parts composing the figure, and 

taking moments about the lower <...-..- 12" 

edge. 

Section of Gikdeb. 



% 




T 
1 

1 
1 

) 


16 


,.^'; 


1 


Neutral 




^ Axis. 






1 






3C,'74" 


■r 




, 






-J 



Area of top flange = 4x1^= 6 sq. in. 
„ bottom „ = 12 X If = 21 „ 
„ web = 16 X IJ = 24 „ 



Total area of section 



51 



Then, since N A passes through the centre of area of the 
section, we have : — 

51 X a!i = 6 X 18J + 24 X 9| + 21 X I = 363|. 

_ 363f _ , 
'^ ~ "FT ~ ^' 



And 



191 



7 k = 121 



We calculate the value of I, the moDient of inertia of the 
section about the neutral axis, by finding that for each of the 
parts into which the section is divided and taking their sum. 
As the neutral axis does not pass through the centre of any of 
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those parts, we shall have to employ Prop. I. of Lecture XII., 
Vol. I., to which we again refer the student. 

Remembering that the moment of inertia of a rectangular 
area about an axis through its centre of gravity is : — 

^-^ (breadth) x (depth)*, we have : — 

For top flange, It = ^^^ x i x (1^)3 + 6 x (llf)2. 

„ „ „ = 1-125 + 776-343 = 777-408. 

For bottom flange, Ij = J^ x 12 x (lf)3 + 21 x (6J)2. 

,, = 5-359 + 820-312 = 825-671. 

For web, I„ = J-^ x 1 J x (16)3 + 24 x (2|)2. 

= 512-0+165-375 = 677-375. 

.-. For whole section, I = 777-468 + 825-671 + 677-375 = 2280-5.* 

To illustrate what we said about the moduli of unsymmetrical 
sections, we shall find both noduli for this example : — 

For tension, Zj = - = ^rr^ = 320-0. 
x^ 7-125 

■ -7 I 2280-5 ,„„„ 
For compression, Zc = — = ^75-17^= 188-0. 

Xn 1^-1^0 

The question gives as the greatest permissible values for : — 

Tensile stress,^ =2-5 tons per sqr. inch. 

Compressive stress, _;^ = J'5 „ „ 

Since, R.M. = Z f„ we must take the lower of the two 
values of R.M. in fixing the load to be carried by the girder. 
These are: — 

Zt X ft = 320 X 2-5 = 800 inch-tons. 

And, Ze X /„ = 188 X 7-5 = 1410 inch-tons. 

B.M. = R.M. = 800 inch-tons. 

* Another and rather shorter method of finding I for this form of section 
is to (1) produce the sides of top and bottom flanges to meet the neutral 
axis N A, (2) calculate the moments of inertia of the two full rectaDgles 
thus formed, (3) subtract from their sum the moments of inertia of the four 
rectangular areas which are in excess of the section of the beam. All these 
moments may be found by the formula I = ^ B x D^, which will only 
require to be used four times as the blank rectangles on each side of the 
web are equal in pairs. 
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The girder will, therefore, safely carry a uniformly distributed 
load, given by the equation : — 

I w L2 = 800. 

■nr T 8 X 800 

W = wL = TT-, — ^ = 261 tons. 

This will make the maximum compressive' stress 

fc max. = fgg = *"255 tons per sq. inch, 

instead of 7-5 as given; showing that the girder is not well 
designed. 

In a properly proportioned section we should have : — 

Z, X /, = Z, X /.. 

Thin Wrought-Iron Girders. — In the case of wrought-iron 
girders where ihe flanges are thin compared with their distance 
apart, and where the bending resistance of the web is disre- 
garded as a provision against the shearing force acting at the 
section, the formulae for the moment of resistance are very simple. 

Let Aj = Area of flange in tension. 
„ Aj, = Area of flange in compression. 
,, H = Distance between centres of flanges, 
„ yi = Mean stress in tension flange. 
„ /^ = Mean stress in compression flange. 

Distance between centre of tension flange and the neutral 
axis is : — 

A, 



-(^)-' 



and the distance between centre of compression flange and the 
neutral axis is : — 

The moment of inertia of the flanges, with respect to the 
neutral axis, is : — 



u^y^' - ^' {a^> 
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Or, I = {A, X a; + A, X AJ} X ( ^^ f aJ ' 



Since, f =-^ y. 



f M / A, \ 



H 





M 


" 


a« 


X 

M 


H 


A. 


X 


H 



Hence, /j 

Similarly, f^ 

Example V. — A wrought-iron riveted girder of I section has 
a top flange of 9 square inches in sectional area, and a bottom 
flange of 8 square inches. The distance between the centres 
of gravity of the flanges is 12 inches, and the ends of tlie 
beam rest on abutments, 16 feet apart. The girder being loaded 
uniformly with a load equal to 1 ton per lineal foot (including 
the weight of the beam). What would be the mean stress per 
square inch on the metal in each flange at the dangerous section 1 
The resistance of the web to bending is neglected. (S. & A. 
Hons. Exam., 1892.) 

Answer. — By "dangerous section" is here meant the middle 
section of the girder, where the maximum bending moment 
occurs. (See equation (XIJ of Lecture IT., Vol. II.) 

Max. B.M. =-g-(^) X (16 x 12)^ = 32 x 12 inch -tons. 

Hence, mean stress in tension flange, 

^ 32 X 12 . . 
•'« ~ ~8 12" ~ ^^^ P^'' ^l^^'^^ ^'^'''^■ 

And, mean stress in compression flange, 

32 X 12 
f^ =-g j-n- = 3'55 tons per square inch. 

Curvature and Deflection of Beams.— When we speak of the 
curvature or the deflection of a beam we mean that of its 
neutral surface. 
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Tf the beam is fixed at one end, we take the origin of co- 
ordinates at that end ; but if supported or fixed symmetrically 
at both ends, we take it at the middle. 

Let the co-ordinates of the neutral surface curve be denoted, 
as usual, by x and y, then the deflection of the beam at any 
distance x, from the origin will be measured by y antl the 

tangent of its inclination to the horizon by -7^. 

•'ax 

The equation of the curve into which the beam is bent will 

be:— 

S'=P(a'). 

Where p (x) is a function of x to be determined for each 
particular case. 

In treatises on the analytical geometry of plane curves it is 
shown that the general expression for radius of curvature is ; — 



Hm 



da? 

Although of great importance, in the theory of beams y is 

always such a small fraction, that its square becomes a perfectly 
negligible quantity in comparison with unity. We may, there- 

(dy\^ 
-^ j in the above formula, 

J : d^y 1 
and write -,- „ = — . 
ax' f 



But by equation (IV) of this Lecture we know that :- 
1 _ M d^y _ M 



EI" ' dx^ E I' 



(VIII) 



In what follows we shall assume that the beamor girder is of 
uniform section so that I is constant, the more general cases 
where I varies being rather beyond the scope of this treatise. 

We shall begin by working out the following example, which 
will form a good introduction to this rather mathematical part 
of our subject. 

Example VI. — Investigatea formula for calculating the amount 
of deflection of a beam supported at its ends and loaded uni- 
formly. Find the deflection in a beam of timber of uniform 
rectangular section, 6 inches wide and 12 inches deep, the beam 
2 6 
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being supported at its ends in a horizontal position on two walls 
] 2 feet apart. There is to be taken into account a single con- 
centrated load of 4,000 lbs. at the centre, and a uniformly dis- 
tributed load of 2,500 lbs., the modulus of elasticity being 
1,750,000 lbs.' per square inch. (S. & A. Hons. Exam., 1891.) 

AwswER. — Taking the middle of the beam as the origin of co- 
ordinates, we have already proved (see equation (XI) in Lecture 
II.) that the bending moment at x inches from this point, in 
the case of a beam L inches between supports, and loaded 
uniformly with w lbs. per inch-run, is : — 

B.M. = J w (i L2 - a;'-') inch-lbs. 

Substituting this in formula (VIII) we get : — 

d7? 2EI ^*^ '^'• 

Now, multiplying both sides by dx, and integrating, we 
have : — 

This needs no correction because -r^ = 0, when a; = 0. 

ax 

Integrating a second time, we get : — 



y = o-Tjrr j (iI''^*-ia^)«^'e• 



2EI 



Or, j,=_|_j(JL^^i=-i;f*) (IX) 

This also requires no correction, as x and y vanish together. 
Now, let Aj denote the deflection of the beam for the distri- 
buted load : — 

Aj = y, when x = J L. 

In the- case of a beam carrying a single load of W lbs. at its 
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middle point, the bending moment due to that load at x inches 
from the middle point (Equation (VII), Lecture II.) is : — 

B.M. = I W (^ L - x) inch-lbs. 

rf^ = 2El(*^-")- 
The first integration of this equation gives : — 

And the second integration : — 

y = ^(h^x^-^x^) (XI) 

If Aj be the total deflection in this case, then Ag is the value 
of J/ when x = ^J-i. 

A, = ^{|L(iL)2 i(iL)'}. 

Or, A3 = ^^ inches (XII) 

If the beam carry both loads at the same time, as given in 
the question, then the total deflection due to the two loads 
will be : — 

A = Aj + Aj. 

n wU w L* 



384 E I 48 E I" 

The numerical data given are : — 
L = 12 X 12 inches. 
I = _i^ J rfs = ^ X 6 X 128 = 6 X 129 
W = 4,000 lbs. 
M L = 2,500. 
And, E = 1,750,000. 

AS 



(^^ "" ^^^^ — — , (I X 2,600 + 4,000) 

X 1,750,000 X 6 X 122 ^^ 

A = 0-2288 inches. 



^=48 
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Uniform Beam on Three Supports.— Suppose we are given a 
uniform beam resting on three supports all ou the same level, 
to find the pressure on the middle support. 

It is clear that if the middle support were taken away, the 
weight of the beam would cause it to bend down at the middle 
[as found above by equation (X) ] through a distance 

5wL* . , 
^^ = 38¥EI '''''''^'- 

We have also seen by equation (XII) that a single concentrated 
load of W lbs. applied at the middle of the beam would produce 

WL* 

an amount of deflection, A, = .,, _ , inches. 

2 48 E I 

This gives us the upward deflection caused by the reaction of 
the central support if we put its value, P, instead of W in the 
equation. 

The total deflection will be zero if all three supports are on 
the same level. 

^'^^°' 48 E I ~ 384 E I- 

Or, P = I M> L. 

The pressure on the middle support is thus seen to be f of the 
weight of the beam ; whilst the end supports each carry y^^ of 
the weight. 

Uniform Beam Fixed at one End and Supported at the other. — 
If w be the weight of the beam in lbs. per inch-run and L its 
length in inches, then, we already know that at x inches from 
the fixed end, the 

B.M. =^w(L - a})Mnch-lbs. 

Putting this value of the B.M. in equation (YIII), we get : — 

••• S=tIi/(^^-2L«= + »=^)c^- 

w f 
And, y = 2ET/{^^^ - Lrc^ + ^a^]dx 



BEAM FIXED AT ENS. 69 

This last equation gives the droop of the beam at any distance 
X, from the fixed end. At the free end let Aj be the value of y 
when a: = L. 

Then, Ai = ^^j inches (XIV) 

Let P be the upward pressure in lbs., between the beam and 
a support placed under its free end. The bending moment, due 
to P, at X inches from the fixed end is P (L — x) inch-lbs. 
Hence, the curvature produced by P will be : — 

•■• d| = El/(^-'^)'^^= EI^^^'-^'^'^- 
And, y = ^J(L x-ix^)dx = 2-E J (^X^-h X')- ■ (XV) 
When cc = L, let 2/ = Aj. 



A, = 



PL3 



3£ 



Y inches (XVI) 



If A, Aj, the supported end will be raised to the same 
level as the fixed end. 

Th«n ^L3 «>!> 

^'^^'^ 3EI"8EI- 

Or, P = f M) L lbs. 

This result shows that the pressure on the prop is equal to f 
of the weight of the beam. 

It will be instructive for the student to observe that this 
result might easily have been inferred from the previous case of 
a beam resting on three props. 

In that case the part of the beam immediately over the middle 
support is in exactly the same condition as the fixed end of the 
beam in this case ; so that whatever is true of each half of the 
beam in the former case will here hold good for the whole beam. 
The pressure on the end supports is, therefore, identical in mag- 
nitude in each case ; because ^ of the weight of the whole beam 
is the same thing as § of the weight of each half. 

Beam Fixed at Both Ends and Loaded at the Centre. — When a 
beam is fixed, or built horizontally into a wall at both ends, the 
fixing causes a bending moment which is constant all over the 
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beam. For the reaction of the left support in keeping the beam 
horizontal is equivalent to a force P, acting downwards at some 
distance I, to the left of that support, and an upward force P, 
at the support. The bending moment at the support is then : — 

M, = P X «. 

And, at any other point, E, of the beam, at a distance, a (less 
than half the span from the supijort), the B.M. caused by this 
reaction at the support is : — 

B.M. = P(« + Z) - Pa = Pi = M,. 

Consequently, the fixing at the ends causes a constant B.M. 
all over the beam, equal to that at the supports, in addition to 
that caused by the load (but in the opposite direction). 




Bkam: Fixed at Ends and Loaded at Centke. 



Taking our origin of co-ordinates at 0, the centre, and the 
undeflected axis, or neutral line of the beam, as our axis of x, 
we have, at a section D, distant x from C : — 

B.M. = Rj^L - a;) - M, = ^W(^L - x) - M, 

Hence, from eqn. 1 t^V 1 riw/ir \ n/r i 

(VIII), ; SF = ET^ ^^ (i^ - '"^ - ^» } 

4|- = ¥rHW(La.-a;2)-M.r«} 

The beam is horizontal at the centre and at the ends, therefore 
dy . 
-j— is zero when x is zero, and when x = JL. 



Or. 



°=TrHW(iL2-iL«) -^M.L} 

M. ^ ^ W L. 



BEAM FIXED AT BOTH ENDS. 
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Inserting this value in the above equation for the B.M. we 
get:— 

B.M. = iW(iL - a:) - |WL 

Or, B.M. = ^W(ih - X) .... (XVII) 

At the centre, B.M. = ^W . |L = |W L = M, 

Maximum B.M. = M, = iW L (XVIII) 




4WL^ 

V 

B.M. Diagram fob Beam Fixed at Ends and Loaded at Centre. 

We thus see that, in this case the fixing of the ends reduces 
the maximum B.M. to half what it would be with free ends, and 
that this maximum B.M. occurs both at the centre and the 
ends. 

The B.M. diagram is similar to what we had for a beam 
simply supported, but the base line is shifted half way down the 
diagram, so that it is crossed at F and G by the lines representing 
the B.M. It will be seen from equation (XVII) that the B.M. 
is zero where a; = J L, and that it is positive on one side of this 
point, and negative on the other. This is one of the points 
where the B.M. curve cuts the base line, and it is called a point 
of inflection, because the beam is straight just at that point and 
the curvature changes sign. There is, of course, another point 
of inflection at the distance ;^ L on the other side of the centre. 

In large girder bridges that part of the span between the two 
points of inflection is made separate from the remainder and 
rests on rollers at these points. This allows freedom of expan- 
sion without reducing the strength of the bridge. 

Integrating the value of -^ we get : — 
ax 



V = £1 {iW(iL(B2 _ ia^s) _ ^1^ WLo^]. 



72 



LBCTUBE III. 



Therefore, at the ends, where x = ^h : — 

Hence, the difference of level between the centre and the ends 
is: — 

™^ (XIX) 



A = 



192 EI 



This is only one-fourth of the deflection when the beam 
simply rested on its supports (Equation XII), so that the beam 
is now four times as stiff. 

Beam Fixed at Both Ends and Loaded Uniformly. — Taking 
axes as before, the B.M. at any section, D, is : — 

B.M. = Rj (I L - a;) - ^ «; (^ L xy - M,. 

Or, B.M. = i wL (i h - X) - iw {^ 1? - Lx + x^) - M,. 




Beam Fixed at both ends and Loaded Uniformly. 



In this case also, -3-^ is zero when x is zero, and when a; = j L. 
ax 

= ^M,L3(i - ^)-^M. L. 



Or, 

Hence, 
Or, 



12 



WL 
12 ■ 



B.M, = J «/ (tV L' - Jf') (XX) 



At the centre, where x = 0, the B.M. is : — 



M. = 



«' L" W L 



24 



24 



= iM, 



UNIPOBM BEAM FIXED AT ENDS. 
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This is only half of that at the support. Hence, the greatest 
bending moment occurs at the support, and its value is : — 

Maximum B.M. = ^wh^ = ^\'WL. . . (XXI) 




B.M. 



Diagram for Beam Fixed at both Ends and 
Loaded Uniformly. 



The points of inflection occur where a;^ = J^ L^ or a; = ±^ — ^- 
By integrating the above value of ■— : — 

Putting X = - we obtain the amount by which the centre of 
the beam is deflected by the load, viz. : — 



A = 



48 E 



lU 8; 



WL* 



WL3 



384 EI ~ 384EI 



(XXII) 



We thus see that, by fixing the ends horizontally for this 
manner of loading, the strength of the beam is increased in the 
ratio 3 : 2, and its stifihess in the ratio 5:1. 

When the span of the beam is small, it may be designed 
wholly from considerations of strength ; but when the span is 
great a beam may be strong enough, and yet not suitable, 
because it yields too much when the load is put on it. It then 
becomes necessary to take the stifiness into account by using 
one of the formulae we have found for the deflection. The 
greatest deflection usually allowed in beams is 1 inch in 100 
feet, or xmv °^ *^® span. 

In the tables below we give a summary of these results, 
showing the relation between them. 
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The quantities in the sixth column are obtained by substitut 
ing the value of the maximum B.M. given by the third column 
in the fifth, and for those in the seventh we have put the value 

of M (viz., - — j found in equation (V). 

We also print for reference* a table of the strengths of 
materials and of the moduli of different sections. 

* From Seaton & Kounthwaite's Pocka Book of Marine Engineering 
Sules and Tables, which may be consulted for other cases of beams; or 
Unwin's Machiju Design, Part I. 

Note. — Students who are specially interested in this subject, should 
procure a copy of the "British Standard Sections," issued by The 
Engineering Standards Committee, consisting of The Institution of Civil 
Engineers, Mechanical Engineers, &c. It comprises the following Lists 
of Standard Sections : — 



List 1. Equal Angles. 
,, 2. Unequal Angles. 
,, 3. Bulb Angles. 
„ 4. Bulb Tees. 



Lists. Bulb Plates. 

„ 6. Zed Bars. 

„ 7. Channels. 

„ 8. Beams. 



List 9. Tee Bars. 

Printed and published by William Clowes & Sons, Ltd., Charing Cross, 
London, S.W., in February, 1903. 

These sections are now universally approved of, and it is impossible, 
even if I got liberty, to include the whole Report and figures in this 
Volume. 



The following books on " Theory of Structures " and on the 
"Strength and Elasticity of Materials" may be consulted with 
advantage when solving the questions to be found in Parts IV. 
and v., as well as Appendix B of this volume : — 

Experimental Engineering, by RoUo C. Carpenter, C.E. (Chapman & 
Hall, London, 1895.) 

Theory of Structures and Strength of Materials, by Henry T. Bovey, 
M. A. , D. C. L. (John Wiley & Sons, New York. ) 

" The Practical Strenglh of Beams." Paper by B. Baker. {Proc. Inst. 
C. .S., vol. Ixii., p. 251.) 

Mechanicai Engineering Materials, by B. C. R. Marks. (Technical Pub- 
lishing Co., Manchester.) 

Strength and Properties of Materials, by W. 6. Kirkcaldy, London. 

Strength and Determination of the Dimensions of Structures of Iron and 
Steel, by J. J. Weyrauch, translated by A. J. Du Bois. (New York, 1891.) 

Strength of Materials and Structures, by Sir J. Anderson. (Longmans, 
Green & Co., 1892.) 

C'ivH Engi'teenng and Applied Mechanics (latest Editions), by Prof. 
Rankine. (Chas. Griffin & Co.) 

Design of Structures, by S. Anglin, C.E. (Chits. Griffin & Co.) 

Bridge GovMruction, by Prof. Fidler, M.Inst.C.E. (Chas. Griffin & Co.) 

Streniilh of Materials, by Prof. Ewinjj. F.K.S.. Cambridge. 
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Stkbngths, 4c., of Materials (Summakt). 





Ultimate 


Elastic 


Elongation 


MntATiftl 


Tensile Strength. 


Strength. 


per cent.. 


iUaliBlliUU 


lbs. per 


lbs. per 


when broken by 




square inch. 


square inch. 


TensUe Stress. 


Cast-iron (ordinary good 


) 18,000 


11,000 




„ (Admiralty), 


( not less than 1 
\ 20,160 / 


... 




Wronght-iron bars (or 








dinary good). 


54,000 


29,000 


15 7, in 8 ins. 


Yorkshire plate — 








With grain, 


54,000 


26,000 


20 7. .. 


Across „ 


49,000 


... 


14 7. .. 


Staffordshire plate — 








With grain. 


50,000 


24,000 


12 7, .. 


Across ,, 


41,000 


... 


8 7. .. 


Iron forgings— 








Large, . 


45.000 


... 


97. .. 


SmaU, . 


50,000 


... 


137. .. 


Steel castings (ordinar 


r 






good). 


67,000 


35,000 


107. ,. 




( not less 1 




( not less than 
13i-1847. 


Steel castings (Admiralty 


7) than 


... 




/ 63,000 \ 




( in 2 ins. 


(Lloyd's), 


J not exceeding \ 
t 67,000 / 




/ not less than 
tl07„in8ins. 


Steel boiler plate — 








(Ordinary good). 


65,000 


36,000 


207. .. 


(Admiralty) internal 


/not exceeding \ 
• \ 60,480 1 


t not less 


207. .. 


shdl, 


60,480-67,200 


\ than 
( 31,360 


... 


(B. of T.) internal, 


58,240-67,200 




... 


„ shell, 


60,480-71,680 




18 7„ in 10 ins. 


Lloyd's, . 


58,240-67,200 




I not less than 
j 20 7,, in 8 ins. 


Steelforgings (Admiralty 


7) 62,720-78,400 


/ 34,500 to 
t 43,120 


28 7„ to 24 7 J 
in 2 ins. \ 


Sheet copper. 


30,000 


5,600 


35 7„ in 8 ins. 


Copper wire (annealed), 


40,000 






Gun - metal (ordinary 








good) . 


27,000 


6,500 


10 7„ in 2 ins. 


Gun-metal (Admiralty), 


31,000 




... 


Phosphor bronze (cast), 


35,000 


19,000 


12 7„ in 2 ins. 


Manganese bronze ,, 


55,000 




10 7, .. 


(rolled 


), 67,000 




20 7, .. 


Mnntz metal. 


50,000 


ao,m 


30 7. .. 


Naval brass, . 


54,000 


24,000 


25 7, in 8 ins. 
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LECTURE Ii: 



Example VII. — A rigid body of unit width is rectangular in 
vertical section, which is 30 feet long and 10 feet high. A force 
of 20 tons is applied vertically to its upper surface, one-third the 
length from one vertical face, on the centre of which a normal 
force of 10 tons acts. If the specific gravity of the block is 2J, 
find the distribution of pressure on the base. (I.C.E., Feb., 1900.) 

Answer. — 



> 10 Ft *4 


■_ /5 ft ^ 










i : 

i i 
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mnOtone. 


i. ;• 
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W//W//M//M///////A 
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Y/////w//'y/M///^^^^^ 
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Line Diaokam of Loaded Rigid Body, the Load being Non- Axial. 

In this question we may consider it as made up of two 
parts : — 

(1) The weight of the body itself may be taken as giving a 
uniform stress all over the section or base. 

(2) Oompounding by the "parallelogram of forces "the two 
external forces W^ and Wg, so as to give a resultant R, which 
cuts the base at a point 2^ feet from the centre of area. The 
vertical component R, of the resultant is therefore the load 
acting vertically downwards, while the horizontal component 
tends to produce sliding of the body along the ground. 

(1) Uniform Stress.— Since the weight of the body is acting 
along the axis of the body, it produces a uniform distribution of 
stress over the surface of a cross-section; the intensity of stress 
at all points of the surface is uniform and constant ; and the 
resultant of the stress on the surface acts at a point called the 
centre of stress, which, in this part, coincides with the centre of 
area. 

•nr • 1.4. fx. A 1x10x30x62-5x9 

Weight of body = g g^^ ^ ^ = 18-83 tons. 



EXAVPLF ON A I-OAllED RIGID BODY. 
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Uniform compressive stress ) 



weight of body 



on base due to weight 0/ > = - . 

body only 1 cross-sectional area of 

18'83 . 



base 



30 



= -628 ton per sq. ft. 

(2) Uniforndy-varijing Stress.— Here the centre of stress of 
the cross-section does not coincide with the centre of area; then 
the distribution of stress over the surface is unequal, and it is 
assumed that the stress is a uniformly-varying one — that is, the 
intensity of stress at any point in the section varies directly as 
the distance of that point from a fixed line in the plane of the 
section. 




Sketch showing Stress on a Section or Joint, the Load being 
Non-Axial. 



Let 



A B = Trace of the base on a plane at right angles to it. 
C = End of a line through its centre of area. 
R„ = Component of the resultant R normal to the surface. 



Kj = Distance of centre of stress from centre of area. 



„ aij, x^ = Distances from of B and A respectively. 

„ -^s = Area of surface or base A B. 

» fi'/s = Extreme intensities of stress at A and B. 

» Jc = Intensity of sti ess at centre of area of A B. 

„ I = Moment of inertia of the surface about an axis 

through C at right angles to the plane of the 

figure. 

Then the stress represented by the rectangle may be con- 
sidered as made up of two parts, viz. ; — 

(a) A uniform stress due to a load equal to R^ acting at the 

centre of area C, the intensity of which is /„ = —2!.; and 

(b) A uniformly-varying stress due to a bending moment 
(BM) = R,a:i. 

2 fi 
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The intensity of this uniformly-varying stress on any line 
distant x from is : — 

(BM)a; R^Xja; 

Adding (o) and (6), we get : — 

The intensity of stress at edge A, 

/i=/o + -I- -aA """X-j ^> 

The intensity of stress at edge B, 

J-L-h- J - aX~ I / 

Since the section is symmetrical, x^ = x^; and equations (1) 
and (2) become : — 

h=\i\^^^) (3) 

/, = |;(i---^^j W 

In this question : — 

Aj = 30 square feet, 
. hdF' - lx(30)3 27,000 „„.„„ ,,, ., 

H " — r2 " ^"2"~ " ' ^ ^^^ '^°' ' 
ccj = 2^ feet, ajj = 15 feet. 

■"■d / 1 . Ag a!] a;^^ 



•^i-a:v^+^^;' 

20/ 30 X 5 X 15 \ 
■^1 ~ 30V "^ >i X 2,250 j 



^j^ = |(l + J) = l ton per square foot (compressive), 
yj = f , 1 - 1^) = i ton per square foot (compressive). 

To obtain the maximum values of the intensities ot the stress 
at the ends A and B, we must add the value of the uniform 
compressive stress due to the weight of the body only, to eacA of 
the above values, /j and/g. 

.•. Maximum compressive stress at A 

= 1 + 0-626 = 1'628 tons per square foot. 
Minimum compressive stress at B 

= 0-3 + 0-628 = 0-961 ton per square foot. 
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Lecture III. — Questions. 



1. A wrought-lron flanged girder is req^uired to support a travelling load 
of 50 tons, the distance between the supports being 40 feet. The stress 
comes upon the girder at two points, the wheels on the traveller being 
10 feet apart. What section of girder will be required to afford the 
necessary strength, presuming that the ultimate strength of the girder is 
six times that of the greatest stress to which it will be subjected ? 

2. Prove the law which governs the transverse strength of a beam of 
timber when supported at both ends and loaded at the centre. How are 
the constants required for applying this law arrived at ? 

3. A bar of wood, 7 feet long and 2 inches square, is supported at both 
ends, and is broken by a weight of 500 lbs. suspended at the centre. 
What weight in pounds will a rectangular bar of the same material, sup- 
ported and loaded in like laanner, sustain, when its length is 8 feet, its 
breadth 2^ inches, and its depth 4 inches ? Ann. 2187 '5 lbs. 

4. A rectangular beam of fir, of uniform section throughout, is supported 
horizontally on two walls 15 feet apart, and has to carry a load of 14 tons 
at 5 feet from one of the walls. The width of the beaui is 5 inches ; tiud 
its depth, taking the breaking load at four times the safe load. How 
much should the depth of the beam be increased, the breadth remaining 
constant, if the load were shifted from its original position to the centre 
of the beam, the breaking weight of a beam of fir 15 inches long, I inch 
broad, and 1 inch deep, supported at both ends and loaded in the middle, 
being taken at 360 lbs. ? Ans. 8 '9 inches ; ^ inch. 

5. A solid rectangular girder, 3 inches deep and 2 inches broad, is sup- 
ported at both ends on supports 5 feet apart. It is loaded with a uniformly 
distributed load, including its own weight, of 10 cwts. per foot run. What 
is the maximum intensity of stress at the outer fibres ? 

ti. If two cast-iron beams -one circular in section and 2 '73 inches in 
diameter, the other of rectangular section, 3 inches broad and 2 inches 
deep— be each supported at two points 20 inches apart, and loaded at the 
centre with a load of 2 tons ; what will be the maximum intensity of stress 
produced in each case ? 

7. A beam of fir is built into a wall at one end, and projects 6 feet from 
the wall. The width of the beam is 4 inches ; find its depth to bear safely 
a load of 1,200 lbs. uniformly distributed along its length. Assume that a 
bar of fir 1 foot long, 1 inch broad, and 1 inch deep, will break under a 
load of 125 lbs. when fixed at one end and loaded at the other end, and 
that the safe load is ^ the breaking load. Ans. 6 inches. 

8. What must be the breadth in inches of an oak cantilever or over- 
hanging beam, 6 feet long and 9 inches deep, in order to carry a load of ^ 
ton at its extremity, and how much must its breadth be increased in ordc 
that it may carry an additional load of ^ ton uniformly distributed over it» 
length ? The actual stress is not to exceed i of the breaking stress, and 
the breaking weight of an oak cantilever 6 inches long, 1 inch deep, and 1 
inch broad, is 280 lbs. Ans. 2-37 inches ; 1-18 inches. 

9. A beam of fir supported at each end is inclined at an angle of 60° to 
the horizon, and is loaded at the centre of its length with a weight of I 
ton. The length of the beam is 10 feet, and its breadth is 2 inches, find 
the depth ; the breaking load on the centre of a beam 1 foot long, 1 inch 
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broad, and 1 inch deep, aud supported at the ends in a horizontal position, 
being 450 lbs. Aim. 3-527 inches. 

10. A oast-iron cantilever or overhanging beam of T-section is 6 feet long, 
and 9 inches deep, the top flange being 6 inches wide. The beam has to 
carry, with safety, at its end a load of 1 ton, together with a distributed 
load of 1 ton over its length. Find the thickness of the top flange, the 
tensile breaking strength of cast-iron being 8 tons per square inch, and the 
admissible load for a safe stress being one-fourth the breaking load. 
Ana. 1 inch. 

11. Find the greatest load that may be uniformly distributed on a cast- 
iron girder having top and bottom flanges united by a web of the following 
dimensions — width of upper flange 3 inches, of lower flange 9 inches, totsu 
depth 12 inches, thickness of each flange and of the web being 1 inch, 
distance between the points of support 10 feet — when the greatest 
admissible stress in the compression flange is 3 tons per square inch, and 
that in the tension' flange is 1 4, tons per square inch. Ana. Maximum 
compressive stress = 2*5 tons ; 8 '8 tons. 

12. Make a diagram of a flanged cast-iron girder to carry a load of 12 
tons in the centre, the distance between the points of support being 20 
feet. What should you make the depth of the beam, and what should be 
the sectional area of the top and bottom flanges respectively ? 

13. A rolled steel girder has a mean depth of 10 inches, the top and 
bottom flanges are each 6 inches wide, and the metal in the flanges and webs 
is J inch in thickness throughout. If the breaking strength of the material 
be taken as 40 tons to the square inch of section for both tension and 
compression, then (using 4 as a factor for safety) what would be the 
maximum safe load uniformly distributed over such a girder, supposing it 
to be supported at each end, the supports being 12 feet apart ? A Ia n make 
a diagram showing the distribution of the shearing stress in the middle 
transverse section. 

14. A rectangular beam of timber is supported at both ends, and loaded 
by a weight in the centre. Make the necessaiy calculations for measuring 
the strength of the beam to resist breaking. For a bar of larch 6 feet long 
by 2 inches square, supported as above, the breaking weight is 515 lbs. ; 
taking this datum, you are required to solve the following question : — A 
cistern containing 2 tons of water rests on two cantilevers M larch, each 
4 feet long and 5 inches in depth ; find the breadth of each cantilever. 
Ans. 1 '85 inches. 

15. A cast-iron beam of rectangular section, and having its lowest side 
horizontal, is supported at both ends. What difference should you make 
in the upper outline according as the load is evenly distributed or collected 
in the centre ? 

16. A beam will safely carry a stationary load of 5 tons with a deflection 
of 2 inches, from what height may a weight of 200 lbs. be let drop upon the 
same beam without deflecting it to a greater extent ? Ann. 5i inches. 

17. A steady load of 10 tons, suspended at the centre of a beam, deflects 
it through | inch. From what height would a weight of 300 lbs. require 
to fall in order to produce a like deflection when droppim' on the beam ? 
Ans. 22'7 inches. 

18. A cylindrical iron beam is 15 inches in its external diameter, and the 
metal is IJ inches in thickness. The beam is fixed at the two ends, and is 
35 feet between the supports ; find the greatest load uniformly distributed 
that the beam will bear, the greatest safe stress on the metal being 9,000 
lbs. per square inch. 

19. Compare the resistance to bending of a wrought-irou 1 section beam 
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when the beam is placed like this I, and like this p-i. The flanges of tho 
beam are each 6 inches wide and 1 inch thick, and the web is f inch thick 
and measures 8 inches between the flanges. 

20. A horizontal bar of round iron, i inch diameter, 6 feet long, hinged 
at the ends, is subjected to equal and opposite pushing forces of 1,000 lbs. 
at its ends, and a load of 10 lbs. is hung at the middle so that it is both a 
beam and a strut. Find the greatest stress anywhere. E = 29 x 10' lbs, 
per square inch, 

21. Draw the bending moment diagrams, and state the maximum bend- 
ing moments for the six standard cases of loading and .supporting a beam 
of the same length, same load. (1) Fixed at one end, loaded at the other. 
(2) Fixed at one end, loaded uniformly. (3) Supported at the ends, loaded 
in the middle. (4) Supported at the ends, loaded uniformly. (5) Fixed 
at the ends, loaded in the middle. (6) Fixed at the ends, loaded uniformly, 

22. A uniform beam is fixed at its ends, which are 20 ft. apart. A load of 
5 tons in the middle ; loads of 2 tons each at 5 ft. from the ends. Find the 
diagram of bending momeut and prove your rule. State what the maximum 
bending moment is, and where are the points of inflexion, 

23. A rectangular beam, loaded in the middle, supported at the ends ; 
find the shear stress at any point in any section. Find the deflection at 
the middle, and distinguish between the parts due to ordinary bending 
and to shear, 

24. What occurs at the cross-section of a horizontal beam, carrying 
vertical loads ? Where is the neutral line ? What is the value of the 
stress at any place ? What is meant by bending moment ! Describe any 
model which illustrates, however roughly, what occurs at a section of the 
beam, 

25. A symmetrically loaded beam of uniform section ; given the diagram 
of bending moment when supported at the ends, what is the easy rule for 
finding the diagram when the beam is fixed at the ends ? Prove the rule 
to be correct. (B. of E. H., Part I., 1900.) 

26. A beam of timber 2 feet long, 3 inches square, supported at the 
ends and loaded at the middle, breaks with a load of 7,500 lbs. What 
load may be expected to break a beam of the same material, fixed at one 
end and loaded at the other, length 10 feet, breadth 5 inches, depth 
9 inches. If the specimen beam deflected 0*034 inch for a load of 
1,000 lbs., what would be the deflection of the second beam for a load 
of 200 lbs. ? (B. of E,, Adv,, 1901.) 

27. Suppose the vertical loads and supporting toroes of a horizontal 
beam to be known, show how we find (1) the shearing force at a section, 
(2) the position of the neutral line, (3) the compressive stress at any part 
of the section, and (4) the curvature of the beam. Proveyour statements, 

\3. of E, a, Parti., 1901.) 

28. What are the functions of the top and bottom booms and of the 
diagonal pieces of a railway girder ? Why are the booms usually larger in 
section towards the middle of the girder, and the diagonal pieces larger 
towards the ends of the girder? (B, of E. Adv,, 1902.) 

29. A rolled joist 12 inches deep, with flanges 4 inches wide and 1 inch 
thick, and a web J an inch thick, carries on a 14-foot span a distributed 
load of 1 ton per foot run, and a single concentrated load in the centre of 
2J tons. Determine : — (a) The maximum bending moment and shearing 
force ; (6) the maximum tensile and compressive stresses per square inch 
at the centre section ; (c) the maximum shearing stress per square inch at 
a section close to the supports. (C. & G., 1901, H., Sec, A,) 
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30. Obtain a formula for the maximum deflection in a girder of uniform 
cross-section, freely supported at the two ends and loaded with a uniformly 
distributed load. Apply yotir formula to find how much a cast-iron bar of 
rectangular cross-section (2 inches deep and 1 inch thick) would deflect in 
the centre of a 3-foot span under a uniformly distributed load sufficient to 
produce a maximum stress per square inch of 8 tons. (E = 12,500,000 lbs. 
per square inch.) (C. & G., 1901, H., Sec. A.) 

31. If a beam, 12 feet long and 5 inches square section, be just strong 
enough to carry 1 ton at its centre, what weight may be placed at the 
centre of a beam of the same material 20 feet long, 6 inches broad, and 
11 inches deep? (C. & G., 1902, 0., Sec. B.) 

32. State precisely the assumptions made in dealing with beams, and 
obtain an expression for the moment of resistance of a beam of known 
cross-section in terms of the dimensions of the section and of the stress 
induced. Explain in what respects the assumptions fail to hold when the 
stress exceeds the elastic limit. I (C. &■ O. , 1 902, H. , Sec. A. ) 

33. A cast-iron test bar is 1 inch wide .iiid 2 inches deep, and is tested on 
3-feet centres. The elastic deflection per ton load at the centre was found 
to be "23 inch, and the bar broke when the load was IJ tons. Calculate 
the values of the modulus of rupture and of the cocflJcient of elasticity. 

(0. &.G., 1902, H., Sec. A.) 

N.B. — See Appendices B and Ofor other questions and answers. 



A.M.INST.C.E. QUESTIONS. 87 



Lkctueb III. — A. M.In'st.C.E. Exam. Questions. 

1. Assuming the relation cPyjcLx^ = il/EI, find the slope at the ends 
and deflection at the centre of a beam of span I supported at the end^ 
and loaded with W at the centre. (LC.E., Od... 1897.) 

2. Show the relations between the curves of loads, shearing force, and 
bending moment for a beam. Illustrate your answer by descriptions and 
sketches of the forms of these curves in the case of a beam supported at 
each end, and carrying a distributed load, varying in intensity at a uniform 
rate from zero at one end to m per foot at the other. (I.C.E., Feb., 1898. ) 

3. A suspension bridge has a span of 800 feet, a dip (or sag) of cord of 60 
feet, and carries by means of four cables, a total fixed load of 250 tons uni- 
formly distributed along the length of the platform. Assuming the hanging 
rods to be very numerous, determine the tension in each cable at the lowest 
point and at the piers. Assuming the cables to be attached to saddles 
resting upon roUers on the tops of the piers and the anchor cables to make 
an angle of 45° with the vertical, determine the maximum stress in the 
anchor cables and the total pressure on each of the piers. 

(LC.K, Feb., 1898.) 

M f Ml 

4. Prove the formulae ^j^ = ^ and =-= = - , with respect to beams, and 

1 X 1. hi r 

explain the assumptions on which they are based. (I.C.E., Feb., 1898.) 

5. Deduce a formula for the maximum bending moment in a beam built 
into a wall at one end, supported at the other, and carrying a uniformly 

- distributed load— assuming that when unloaded 

^■„.....„. „„„„„»„„„„- the beam touches but does not rest upon the 
y,,. \/,u outer support. Tou may assume any formulse 

% W' relating to cantilevers. (I.C.E., #e6., 1898.) 

P 6. In a rolled steel beam the section (sym- 

"^ metrical about the neutral axis) is such that the 
moment of inertia works out at 72 inch-units. The beam is 8 inches deep, 
and is laid across an opening of 10 feet, and carries a distributed load of 
9 tons. Find the maximum fibre stress — also the central deflection, taking 
E at 13,000 tons. (I.C.E., Oct., 1898.) 

7. Suppose that, In the cantilever bridge which is here diagrammaticaUy 
sketched, the dead weight of the central span is 1 ton per foot, sind of the 
cantilevers 3 tons per foot ; and that in each case the load is uniformly 
distributed. If the rolling load is taken at 2 tons per foot, what disposi- 

i, Cantilever- ^Central SpanA- 

j j i ^ i ^ — ! — ^r~ 

11— -z<K>'— /ft--- 2oe'-— + — j<io'— + — 

tion of that rolling load would produce a reverse (sagging) moment in the 
cantilever? At what part of the bridge would the reverse bending 
moment take place? How far could it extend? What would be its 
greatest magnitude? (I.C.E., Oct., 1898.) 
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8. As between two girder-bridges of the same span, and tested under 
the same load, what would you expect to be their relative deflections at 
the centre of the span — (a) When the two bridges are designed with the 
same sectional area of flange, but with dififerent depths ? (6) When the 
two bridges are designed with different depths of girder, but with the 
same working stress per square inch of flange section ? (In each case 
assume the girders to have parallel flanges.) (I.C.E., Oct., 1898.) 

9. A beam of uniform section is used as a cantilever fixed at one end, A, 
and covered with a uniform load over the free length, A B. Give a hand 
sketch of the curve of deflection ; prove that the curve is parabolic of the 
fourth order, and find the intersection of the two tangents drawn to the 
curve at A and B. (I.C.E., Oct., 1898.) 

10. A beam of uniform section is supported at the two ends, 30 feet 
apart, and is found to bend 6 inches downwards in the middle under its 
own weight. Determine the slope of the beam at the points of support. 
Find also what the slope would be if the same deflection of 6 inches were 
produced by the imposition of a central load instead of a uniform load. 

(I.C.E., Oct., 1898.) 

11. A horizontal beam of uniform section, whose moment of inertia is I, 
and whose total length is 2 1, is supported at the centre, one end being 
anchored down to a fixed abutment. Neglecting the weight of the beam, 
suppose it to be loaded at the other end with a single weight, W, and 
write an expression for the vertical deflection of that end below its un- 
strained position. (I.C.E., Oct.. 1898.) 

12. A tee-bar, 6 Inches wide by 3 inches in height and J inch thick, is 
used as a beam, with the top table of the T downwards. Find the position 
of the neutral axis, and the moment of resistance when the maximum 
compressive stress is 4 tons per square inch. (I.C.E., Feb., 1899.) 

13. The chains of a suspension bridge, of 360 feet span, have a dip of 30 
feet, and lie in a parabolic curve. Each of the two side spans has a width 
of 180 feet, the chains forming a parabolic arc similar to one-half of the 
central span. Under a total uniform load of 2 tons per lineal foot of 
roadway calculate the vertical and horizontal forces acting upon piers and 
abutments ; also the tensile stress in the chain at the centre and at each 
end of the main span. (I.C.E., Feb., 1899.) 

14. In the suspension bridge above described, suppose the saddles to be 
fixed to the tops of the towers, or that the roller-bearings refuse to move, 
and that a load of 2 tons per foot covers the central span, while the load 
on each side-span is IJ tons per foot. Find the direction and the magni- 
tude of the resultant force upon the top of each tower, and show how you 
would trace the line of pressure down the tower. (I.C.E., Feb. , 1899. ) 

15. The cantilever bridge, whose outline is sketched below, is virtually 
hinged at B and at F. The dead load is 2J tons per foot throughout the 
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whole length ; the live load, 2 tons per foot. Assume the live load to 
cover all the spans, and find the bending moments at the pier C and at the 
centre D of the middle span. (I.C.E., Feb., 1899.) 

16. In the structure above described, assume next that the live load 
extends from C to E, and lastly that it covers the two spans A C and E G ; 
and for each of these cases find the bending momenta at C and at D. 

(I.C.E., Feb., 1899.) 
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17. Suppose a train to be made up as here sketched, a six-coupled tank- 
engine of 42 tons weight being followed by a train of wagons whose axles 
are at uniform distances of 10 feet, and with 8 tons on each axle. In 

O , ^ <2 00 
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traversing a girder bridge of 50 feet span, suppose the trailing axle of the 
engine to have reached the centre of the span ; and find the greatest 
bending moment at any point in the girder due to the rolling load in that 
position. (I.CE., Feb., 1899.) 

18. When the bridge referred to in the previous question is traversed 
by the train therein described, find the greatest shearing force that takes 
effect at the right abutment during the transit, and also the greatest 
shearing force at the centre of the span. (I.C.E., Feb., 1899.) 

19. An iron wire hangs across an opening of 700 feet between the towers 
of a suspension bridge, with a dip of 50 feet. The length of the wire is 
therefore, approximately, 709i feet. Calculate the elongation of the wire 
under the stress due to its own weight. (Assume the same modulus, and 
take the mean stress as being very nearly the arithmetical mean between 
the stresses at the centre and at each end.) (I.C.E., Feb., 1899.) 

20. What will be the ratio between the deflection of a girder of uniform 
X section, and one of uniform strength, both girders being designed for 
the same span, with the same uniform depth, and with the same maximum 
working stress per square inch of flange section under a given central 
load? (I.C.E., Feb., 1899.) 

21. What will be the relative deflections of the two girders above 
referred to if, in another case, they are both designed with the same 
maximum working stress under a given distributed load ? 

(I.C.E., Feb., 1899.) 

22. A continuous girder, built for crossing two equal spans, has a 
uniform section whose moment of inertia is I, while its uniform weight 
per foot lineal is w. The girder is launched across the spans from one 
end, and when its centre comes nearly over the central pier, the leading 
end will droop downwards under its unsupported weight. Write the 
expression for the extreme deflection of the leading end, the length of 
each span being denoted by L. (I.C.E., Feb., 1899.) 

23. Timber beams of a given rectangular section are employed to carry 
a uniform distributed load over two adjacent spans of equcd width with a 
central support between the two spans. If we decide to make the beams 
continuous over the two spans, what advantage shall we obtain in respect 
of (a) strength and (2>) rigidity, as compared with two discontinuous beams 
of the same section ? (I. G. E. , FA. , 1 899. ) 

24. If the beams referred to in the last question are made continuous, 
how much of the total load will be borne upon the central support, and 
how much at the extreme ends of the beams? (I.G.E., Feb., 1899.) 

25. Explain the term "neutral axis " used in the theory of the bending 
of a beam, and find its position for a beam of given section when the limit 
of elasticity is not overpassed. For example, take a tube of rectangular 
section 20 feet deep, 10 feet wide, thickness of top side J inch, of bottom 
side 1| inch, and of the vertical sides ^ inch : find the neutral axis. 

(I.C.E., Oct., 1899.) 

26. A beam of rectangular section, depth 8 inches, breadth 3 inches, 
10 feet long, is supported horizontally at the ends and loaded with a weight 
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of 5 tone distributed uniformly. Employing the usual theory of transverse 
flexure : find the maximum stress produced at any point of a transverse 
section at the centre. (I.C.E., Oct., 1899.) 

27. Distinguish between the kinds of elasticity called into play when a 
bar is (a) stretched, (6) twisted, and (c) bent. Find the deflection of the 
beam of the last question assuming a modulus of 12,000 in ton-inch units. 

(I.C.E., Oct., 1899.) 

28. A horizontal beam of uniform se<ition originally straight rests on im- 
movable supports to which it is rigidly fixed, so that its ends remain 
horizontally when the beam is loaded. Find the shearing force and 
bending moment at any point due to a uniformly distributed load, and 
state in what ratio (o) the strength (6) the stif&iess is increased by fixing 
the ends. (I.C.E., Oct., 1899.) 

29. Explain what are meant by the "booms" and " web " of a girder, 
and state the part played by each in supporting the load which it carries. 
If the booms be parallel and the web consist of a single triangulation of 
verticals combined with diagonals inclined at 45°, show how the diagonals 
must be arranged so as to be all in tension and find the stress on each, 
when the girder is loaded with 2 tons at each of the lower joints. Span 
= 120 feet. Number of divisions 8. (I.C.E., Feb., 1900.) 

.30. In the last question find the maximum stress, both tensile and com- 
pressive, on each diagonal during the passage of an additional travelling 
load of 5 tons. (I. C. E. , Feb. , 1900. ) 

31. Assuming that the deflection of a beam should not exceed a certain 
given fraction of the span, show that the least permissible ratio of depth 
to span can be found. What other considerations determine the ratio of 
depth to span in practice ? (LCE-.i^feft., 1900.) 

32. Show that the moment of resistance to bending in beams of a given 
type is proportional to the sectional area multiplied by the depth. Compare 
the strength of an Z section, of depth 8 inches, breadth of each flange 
3 inches, thickness of both flanges and web 1 inch, with that of a rect- 
angular section of the same area and depth. (I.C.E., Feb., 1900.) 

33. The span, A C, of an independent girder supported at each end is 120 
feet, and the uniform depth from centre to centre of booms is 12 feet. The 
web consists of a single system of diagonal ties and vertical posts which 
divide the span into ten equal panels. A uniform dead load of 16 cwts. 
per foot is assumed to be equally divided between the upper and lower 
joints. Under this load, calculate the compressive stress in post No. 2, 
which is 24 feet from abutment, A. (I.C.E., Oct., 1900.) 

34. The girder described in the last question carries a deok attached to 
the upper boom, and when a live load of 25 cwts. per foot (for each girder) 
extends along the deck from post No. 2 to the abutment, C, what will be 
the total compressive stress in post No. 2 due to dead and live load ? 

(I.C.E., Oct., 1900.) 

35. In the railway bridge above described, the end-posts are vertical and 
the girders are supported beneath them upon rocker-bearings at A and 
roller-bearings at C, while the lower chords are united by wind-bracing. 
Under ordinary working conditions, what external forces can you discover 
that. would impose stress of any kind upon the first bar of the lower chord 
at either end of the span? (I.C.E., Oct., 1900.) 

36. At the centre of a plate- webbed cross girder the section is made up as 
foUows : — Web-plate 17 inches deep and J inch thick ; upper and lower 
flanges each formed of a plate 7i inches x J inch, united to the web by a 
pair of angle-bars 3J inches x 3J inches x \ inch. Calculate the moment 
of inertia, I, of the section. (I.C.E., Oct., 1900.) 
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37. If the bending moment at the centre of this cross girder is 60 foot- 
tons, what will be the maximum stress in the extreme fibres ? 

(I.C.E., Oct., 1900.) 

38. Prove that the "curvature '' of an elastic beam of uniform section is 
everywhere proportional to the bending moment. (I.C.E., Oct., 1900.) 

39. In a girder of 150 feet span, supported at each end, the uniform depth 
from centre to centre of booms is 15 feet, and the sectional area of each 
boom is at all points adapted to a uniform working stress of 5 tons per 
square inch of gross section under the maximum load. What will be the 
deflection of the girder under the maximum load? (I.C.E., Oct., IflOO.) 

40. When a beam of uniform section is supported at each end and loaded 
at the centre, prove that the defleotion-curve is a cubic parabola. 

(I.C.E., Oct., 1900.) 

41. A square bar of steel 3 inches by 3 inches, weighing about 30 lbs. per 
lineal foot, and 32 feet in length, is laid in a horizontal position and sup- 
ported at each end. What will be the deflection of the bar under its own 
weight? Assume E = 28,000,000 lbs. (I.C.E., Oct., 1900.) 

42. Laying the same bar across a central support so that each arm 
becomes a cantilever 16 feet long, by how much will the ends droop below 
the level of the central support ? (I. C. E. , OcC , 1900. ) 

43. Taking a similar bar of steel 36 feet in length, and laying it as n 
continuous beam across three equal openings, A B, B C, D, of 12 feet each, 
find the bending moments at the two intermediate supports, B and C, and 
at the centre of the span, BC. Make also a sketch of the diagram of 
moments for the three spans. (I.C.E., Oct., 1900.) 

44. A beam of cast iron, 1 inch broad and 2 inches deep, is tested upon 
supports 3 feet apart, and shows a deflection of |. inch under a central load 
of 1 ton Calculate the modulus, E. (I.C.E., ii'eft., 1901.) 

45. A rolled steel beam of uniform section is carried at the ends upon 
supports 20 feet apart. The moment of inertia of its section amounts to 
300 inch-units ; and the lower edge of the beam is 6 inches below the 
neutral axis. When a concentrated load of 8 tons is placed upon the 
centre, what will be the maximum tensile stress in the extreme fibres ? 

(I.C.E., Feb., 1901.) 

46. In the case of the beam described in Question 45 under the central 
load of 8 tons, calculate the deflection at the middle of the span, assuming 
the modulus E to be 13,000 tons per square inch. (I.C.E., Feb., 1901.) 

47. For the same beam calculate the deflection at the middle of the span 
under a uniformly distributed load of 16 tons. (I.C.E., Feb., 1901. ) 

48. If two precisely similar beams of rectangular section, one of cast- 
iron and the other oi wrought-iron, were laid across the same span and 
loaded with the same load (within the elastic limit), what would be the 
relative deflections of the two beams ? (I. C. E. , Feb. , 1 90 1 . ) 

49. A straight bar of steel 40 inches in length, 1 inch broad, and 
iV inch in thickness, is bent into the form of a bow, having an elastic 
deflection of 2 inches in the middle, and the ends are united by the bow- 
string. Taking the modulus, E, at 29,000,000 lbs., what will be the 
tension on the string f (I.C.E., J'eft., 1901.) 

50. A beam of timber, rectangular in transverse section, is 2 inches 
broad, 3 inches deep, and 4 feet in length, and rests upon supports at its 
ends. The breaking load at the centre is 2,000 lbs. What would have 
been the breaking load if the beam had been 4 inches deep, 2 inches broad, 
and 4 feet between the supports, but loaded at a distance of I foot from 
one end? (I.C.E., Oct., 1901.) 

61. A rolled-steel joist 16 inches deep, with flanges 6 inches wide and 
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1 inch thick (the web being f inch thick), is used to support a uniformly 
distributed load of 2 tons per foot run. If the span is 12 feet 6 inches, 
what is the maximum tensile stress in the metal of the lower flange ? 

(I.C.E., Oct., 1901.) 

52. In designing a plate girder it is found that the shearing force acting 
on a particular section is 212 tons. If the mean depth of the girder at 
that point is 12 feet, find (a) the thickness of the web-plate, (6) the pitch 
of the rivets uniting the web-plate to the booms. Assume a working 
shearing-stress of 9,000 lbs. per square inch, and a diameter of IJ inch for 
the rivets. (I.C.E., Oct., 1901.) 

53. A brick wall 18 inches thick and 30 feet in height has to be carried 
by a steel plate girder over a span of 30 feet. Assuming that the brick- 
work weighs 120 lbs. per cubic foot, and that the weight of the floors 
supported by the wall is equal to an additional distributed load of | ton 
per foot run of the girder, determine suitable cross-sections for the girder 
at the centre and at the ends. (I.C.E., Feb., 1902.) 

54. Find an expression for the maximum deflection of a uniform beam 
with its ends fixed in a horizontal direction under a uniformly distributed 
load of W pounds per foot run. If the beam is solid circular section 
2i inches diameter, and the span is 10 feet, find (a) the maximum deflection, 
(6) the position of the points where there is no bending moment. Assume 
E = 29,000,000 lbs. per square inch. (I.C.E., -Feb., 1902.) 

55. A floor is supported by wooden joists spaced 12 inches apart from 
centre to centre. If the joists are 9 inches deep and 3 inches wide, and 
the clear span is 18 feet, what distributed load per square foot could the 
floor safely carry if the maximum longitudinal stress in the wood is not to 
exceed 1,200 lbs. per square inch. (I.C.E., Feb., 1902.) 

56. In a test of a cast-iron beam on a span of 30 inches the following 
deflection results were obtained : — 



Load in Centre ol Span. 


Deflection in Centre. 


Lbs. 


Incli. 


200 


0-010 


400 


018 


600 


0028 


800 


0037 


1,000 


0-046 



Iioad in centre at rupture 3,800 lbs. If the cross section of the beam at 
the centre was 1-05 inches in breadth and 2-07 inches in depth, find the 
modulus of elasticity of the cast iron, and the maximum tensile stress when 
rupture occurred. (I. C. E. , Feb. , 1902. ) 

57. A beam 12 feet long is loaded at distances of 1, 5, and 10 feet from 
one end with weights of 4, 5, and 6 tons. It is supported at the middle 
and ends, the middle supporting force being 5 tons. Find the other sup- 
porting forces and the greatest bending moment. (I.C.E., Oct., 1902.) 

58. In a bridge carrying two lines of railway of standard gauge, the 
cross-girders are 26 feet long, and the maximum load that can come upon 
each is 60 tons, distributed between the four rails ; design the flanges of an 
intermediate cross-girder if its depth is 3 feet. (I.C.E., Oct., 1902.) 

59. A suspension bridge, 120 feet span, is stiffened by two horizontal 
stiffening girders hinged at their centre ; if the Uve load is 1 ton per foot 
run and it covers one-half of the bridge, find the horizontal component of 
the pull in the wire ropes of the bridge. (I.C.E., Oct., 1902.) 

60. A mild steel bar, 5 feet long, 3 inches deep, and 1 inch broad, has a 
load of i ton applied at its centre ; what would bo the deflection if the 
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modulus of elasticity is 13,000 tons per square inch ? Start with the fact 
that Che second ditt'erential coefficient of the deflection is equal to the 
bending moment divided by the product of the modulus of elasticity and 
the moment of inertia. (I.C.E., Oct., 1902.) 

61. A wrought-iron beam 10 feet long, 6 inches deep, and 2 inches broad, 
has a weight of .'i.OOO lbs. dropped on it at its centre ; what distance must 
this weight fall to produce a maximum stress of 5 tons per square inch in 
the beam ? What load applied gradually at the centre would produce the 
same stress, and what would the deflection be under this load ? 

(I.C.B., Oct., 1902.) 

62. A girder of X section, 12 feet long, flanges 4 inches broad by | inch 
thick, depth centre to centre of flanges 6 inches, carries a load of 30 tons 
at the centre ; draw a diagram showing the variation of the maximum 
normal stress in the flanges from the ends to the centre. What is the 
total shearing stress between the flanges and web from each end to the 
centre? {I.C.E., Oct., 1902.) 

63. A beam of 80 feet span carries nine cross girders, including one at 
each end, 10 feet apart, which support a uniform load of 2 tons per foot 
run ; draw the bending-moment diagram for the beam, and show that the 
ordinate at one-eighth the span is the shearing force to a certain scale in 
the first one-eighth span ; that the diflerence between the ordinates at the 
second and first one-eighth of the span is the shearing force to the same 
scale in the second one-eighth, and so on. Grive the scale of the bending- 
moment diagram, and state to what scale this shearing-force diagram 
would be drawn. (I.C.E., Oci.,. 1902.) 

64. A cast-iron beam is the shape of an inverted T 9 inches deep overall, 
width of flange 6 inches, thickness of web and flange 1 inch ; if its length 
is 12 feet, find what weight at the centre will cause a tensile stress of 1 ton 
per square inch in the flange. What would the maximum compressive 
stress then be ? (I. C. B. , Oct. , 1902. ) 

65. A tank, which weighs \ ton and measures 10 feet x 6 feet x 3 feet, is 
filled with water and carried on three girders placed lengthwise, but so 
that each girder takes the same weight. If the depth of the girders is 6 
inches, find the necessary breadth and thickness of the fianges. 

(ICE., Feb., 1903.) 

66. What is meant by resilience ? A timber beam 30 feet long and 12 
inches square in cross-section rests on a support at each end ; if a load of 
1 ton is placed in the centre of the beam, find the work done in deflecting 
it. (I.C.E.,i?'e6., 1903.) 

N.B. — See Appendices B and C for other questions and answers. 



94 



LECTURE IV. 



Content?. — Torsional Strength of Shafts — Examples I., II., and III.— 
Strength of Shafts subjected to Combined Twisting and Bending — 
Theorem^Examples IV. and V. — Stifihess of Shafts — Angle of Twist 
— Example VI. — Table of Powers Transmitted by Shafts — Questions. 

Torsional Strength of Shafts. — In order to transmit energy 
through a shaft, the driving force must be applied at some 
distance from its centre. The driving force and its effective 
leverage, therefore, constitute what is termed a Turning or 
Twisting Moment (T.M.) -which puts the shaft in a state of 
twist or torsion. The tendency of a purely torsional moment 
applied to a shaft is to cause the shaft to shear in planes 
normal to its axis, and this has to be met by the shearing 
resistance of the material, which resistance must, of course, 
be of the nature of a moment. The resistance the shaft offers 
to twisting we term its Torsional Resistance (T.R.); and as this 
balances the turning moment, we have : — 

T.M. = T.E. 

We have now to find the value of T.R., as depending on the 
material and dimensions of the shaft, and shall confine ourselves 
to shafts of circular section — solid and hollow. Suppose the 
accompanying figure to represent an end view of a shaft ; and 
suppose A B and a 6 to have been parallel diameters of two 
sections very near to each other when the shaft was at rest ; 
then, when the shaft is at work trans- 
mitting energy, the diameters, A B and 
a b, will no longer be parallel, but will 
make an angle with each other, as 
shown. A longitudinal section, through 
the axis of a shaft, which is a plane 
when the shaft is at rest, thus becomes 
a screw surface when the shaft is 
working. We shall have occasion later 
to measure this angle of twist ; but in 
the meantime we are mainly concerned 
with the distribution of shearing stress 
within the shaft. 
Looking at the figure, we easily see that the strain in any 
ring of fibres must be proportional to the arc of this ring 
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which is included between the diameters A B and a b, when 
these are twisted out of parallelism by the turning moment. 
Within the elastic limit of the material, therefore, it follows 
that the shearing stress in any ring of fibres is proportional to 
the radius of that ring. 

Therefore, lety* = the greatest shearing stress, in lbs. per sq. 
inch, permissible in the material of the 
shaft. 
D = the outside diameter, 

d = the inside diameter of the shaft, both in 
inches. 
And X = the radius of any ring of fibres within the 

material of the shaft. 

Then the shaft must be so proportioned that /shall be the 
value of the stress in its outermost fibres which are J D inches 
from the centre. Consequently, from what has already been 
said, we have : — 

Stress at X = ^ / = ^ /. 

Consider, now, the ring of fibres at x inches from the shaft 
centre, whose radial thickness ia dx inches. The sectional area 
of this elementary ring will = i-rxdx sq. inches; and its 
resistance to shearing will be 

2wxdx X =— _/ lbs. = "^ x^ dx lbs. 

Now, the leverage at which this resisting ring of fibres acts, is 
X inches ; therefore, its moment of resistance is -y~ oy^ d x x x, 

or -T a^dx inch-lbs. 

Hence, summing up the moments of resistance of all such 
elementary rings which go to make up the shaft, we get : — 

T.R. =^^ fx^dx, 
id 



r> I 4 4 J 



_ ^ <D* - d* 
16 " 
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Hence, for hollow shafts, we have : — 

For solid shafts, we make d = 0, and get : — 

T.R. = JD3/ (II) 

It is instructive to compare the torsional resistances of solid 
and hollow shafts of the same weight and material. For this 
purpose let Dj be the outer diameter of hollow shaft. 

Then, if we neglect couplings, and consider the shafts to be of 
equal length, the weights will simply be proportional to their 
sectional areas ; i.e.: — 

Weight of hollow shaft _ D? - dP 
Weight of solid shaft ~ D^ 

For equal weights, this ratio is unity ; therefore we have 
the relation : — 

D2 = D? - d^ 



Or, D = y/D\- d'- 

Now, we have from equations (I) and (II) : — 

T.R. of hollow shaft _ Df - d * ^ Df + d' ^ D? - d* 
T.R. of solid shaft ~ B^ x & Dj x D " D" 
_ D; + d ' ^ D! + d' 
~ Di X D Di X 7d? - d'' 

It will simplify matters if we put d = x x Dj, where a; is a 
proper fraction, we then have : — 

T.R. of hollow shaft 1 + a:" 



T.R. of solid shaft 
For example, let a; = ^, then : — 



^1 -x' 



^^^ 1 ^1= = _1==M43. 



This result shows that for the same length and weight, the 
hollow shaft having outer and inner diameters in the proportion 
of 2 to 1 will be 44'3 p^r cent, stronger than the solid one. 

The turning moment driving a shaft may either be uniform 
or variable in amount. Shafts driven by means of gearing, and 
revolving at a uniform speed, are generally considered as cases 
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of uniform turning moment. As a typical example of variable 
turning moment, we have the case of the steam engine crank- 
shaft, where both the driving force of the steam on the piston 
and its effective leverage are continually varying throughout 
the stroke. 

When the turning moment is uniform — that is, when the shaft 
revolves uniformly at n revolutions per minute, and transmits 
energy at the rate of so many H.P., this is all the data we 
require to know in order to estimate T. M. We have already 
seen (see Vol. I., Lect. III.) that the work done by a turning 
couple in one minute is equal to the magnitude of the turning 
couple multiplied by its angular displacement in the same time. 
Now our turning couple, or turning moment, as we call it, is 
T.M. inch-lbs., or ^ T.M. foot-lbs., and the angular velocity of 
our shaft is n x 2 ^ radians per minute. 

Therefore, the 

T.M. 

Work done = ^j-jj- x 2 ir n ft.-lbs. per minute 



And the H.P. 



T.M. . 

T2-'^2''" nxT.M. 



33,000 63,026 ' 



T.M. = 63,025 . ^^ (Ill) 

Example I. — Find the moment of resistance to torsion of a 
hollow shaft. Compare the strengths to resist torsion of a solid 
and hollow shaft of the same length and weight, the extreme 
diameter of the hollow shaft being double its internal diameter, 
A hollow shaft, the external and internal diameters of which are 
20 inches and 8 inches respectively, runs at 70 revolutions per 
minute, with a surface stress of 6,000 lbs. per square inch ; find 
the twisting moment and the horse-power transmitted. (S. & A, 
Hons. Exam., 1895.) 

Answer. — The first two parts of this question have already 
been answered in the text. 

With regard to the last part, we are asked to find the values 
of T.M. and H.P., being givsn : — 

Dj = 20 inches, / = 6,000 lbs. per sq. in. 

d = 8 inches. n = 70 revs, per min. 

Since T.R. = T.M., 

" "16" JJj '•'' 



and H.P. = 
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^ ,^ 3-1416 20* - 8' .„„ 
T.M. = ^g- X -^jj— X 6000. 

„ ^ 9,183,525 inch-lbs. 
T.M. X n 

63,026 
9,183,525 X 70 



" ~ 63,025 

„ =10,200. 

Example II. — If a steel shaft revolving at 60 . revolutions 
per minute be required to transmit 220 horse-power, what should 
be its diameter so that the maximum stress produced in it may 
not exceed one-fifth of th«t at the elastic limit ? The elastic limit 
in torsion is 18 tons per sq. inch. Prove any formula you may 
employ. (S. & A. Hons. Exam., 1894.) 

Answer. — Oombining formulae (II) and (III) we have : — 
T.R. = T.M., 

^D3/ = 63,025 X 1^. 

D = 68-5 y5~. • • • (IV) 

220. n = 60. 

^ X 18 X 2240 = 8064 lbs. per sq. in. 



Here, 


H.P. 


= 


And, 


/ 


= 


. 


D 


_ 



68-5 X »/_-?20 ^ g.27 inohes. 
\60 X 8064 

In cases where the turning moment exerted on a shaft varies, 
it is, of course, necessary that the shaft should be of strength 
sufficient to withstand safely the maximum value of T.M. So 
that in dealing with an example like that of the steam engine 
crank-shaft we take as the turning force the product of the max- 
imum effective steam pressure on the piston into the piston area ; 
and for the leverage we take the crank radius, although this is 
not quite accurate ; because, if the crank be driven by means of 
a connecting-rod, the virtual leverage of the steam force at a 
certain point in the stroke exceeds that of the crank radius by 
an amount depending on the relative lengths of the crank and 
connecting-rod. 
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But on the other hand, the effective steam pressure on 
the piston is, as a rule, much below its maximum value when 
the piston reaches the point of greatest leverage. On the whole, 
therefore, it is quite accurate enough for all practical purposes to 
estimate the maximum turning moment in the way we have 
indicated. 

Thus, Let p = Greatest effective steam pressure acting on 

the piston, in lbs. per sq. inch. 

„ A = Area of piston, in sq. inches. 

„ »• = , Crank-radius, in inches. 

Then, max. T.M. = pAr inch-lbs. 

By effective steam pressure, we mean the difference between 
the pressures behind, and in front of, the piston. 

Example III. — Find the diameter of the crank-shaft for a 
horizontal engine which is to be worked with an effective mean 
steam pressure of 45 lbs. per square inch throughout the stroke, 
the diameter of the cylinder being 36 inches, the stroke 5 feet, 
and the working load being taken at ^ of the breaking load. 
The shaft is to be of wrought iron, such that a 1-inch shaft will 
break with the torsion produced by 800 lbs. acting at the end of 
a 12-inch lever, (S. & A. Hons. Exam.) 

Answer. — Let /^ be the breaking stress of the experimental 
shaft, then the working stress in the crank shaft, according to 
the question, will be -J- /b . 

To find the value of/3 we are given that when T.M. = 800 x 12 
inch-lbs., and D = 1", fracture takes place. From these data, 
therefore, we deduce : — 

, 800 X 12 800 X 12 ,, 
/- = = lbs. 

^- X 18 ^ 

16 16 

The area of a 36-inch piston = 1017-87 square inches, 
and r is 30 inches. 

Max. T.M. = 45 X 1017-87 x 30 inch-lbs. 
Also. „ =^D3/-. 



D» = 



6 
45 X 1017-87 X 30 

16^ 
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800 



but. f=\h 



16 



D= V 



1017-87 X 30 



800 X 2 

„ = 9-5 inches, nearly. 

Strength of Shafts subjected to combined Twisting and 
Bending. — In Example III. the diameter of the shaft has been 
calculated as for a purely twisting moment. But in no case of 
a shaft being driven by a crank is the eflfect of the load quite so 
simple as this. Besides the turning moment, which we have 
already seen how to deal with, there is always in action a 
bending moment of greater or less magnitude depending on the 
engine arrangement. The worst case is that in which the crank 
is overhung. When this is so, the bending moment is caused 
by the load on the piston acting along a line (the centre line 
of the cylinder) at a certain distance from the shaft bearing 
nearest to the crank. 

Let I = the distance between the centre line of the cylinder 
and the middle of the nearest shaft bearing, in 
inches ; and 
p and A = (as before) the effective steam pressure and piston 
area respectively. 

Then the magnitude of the bending moment which we have 
now to take into account is 

B.M. = pAl inch-lbs. 

This bending moment is balanced by the moment of resistance 
of the shaft, which, as will be shown in Lecture III., is — 

Where, D = diameter of the shaft journal, in inches. 
And, /^ = the tensile stress in the outer fibres of the 

journal, in lbs. per sq. inch. 

Hence, we see that when a crank-shaft is being turned by the 
steam on the piston, it is subjected simultaneously to a shearing 
stress of intensity /, , and a tensile stress of intensity /^ . The 
Droblem now before us is to combine these stresses so as to 
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obtain what is termed the Mquvoalent tensile or shearing stress ; 
but in order to render all the steps in the process clear and 
intelligible, we require to demonstrate the following theorem : — 

Theorem.— A shearing stress on any plane produces a shearing 
stress of equal intensity on planes at right angles to it. 

Let A B D be a rectangular block of material whose thickness 
is I inch perpendicular to the plane of the paper. And let/^ be 
the intensity of the shearing stress over the face whose edge is 





Illustrating Shbabino 
Stress Theorem. 



iLLnSTKATIMO EQUIVALENT 

Tensile Stress. 



D. It is easy to see that the total shearing force on the face 
C D which tends to pull that face parallel to itself, must be 
accompanied by a similar eflfect on the face B C in order that 
the block may not be turned around A. To find the relation 
between those forces, take moments about A, and we get : — 

PxAD = QxAB. 
Or, (/, . C D) X B C = (/. B C) X D. 

Hence, we see that the shearing stress induced in a shaft by 
the turning moment is accompanied by a shearing stress of equal 
intensity on planes at right angles to it ; that is, parallel to the 
axis of the shaft. 

In the right-hand figure let AO represent the edge of a 
small portion of a plane normal to the axis of the shaft, and B C 
that of another plane at right angles to A 0. On the former of 
these planes there is a shearing stress of intensity /, due to the 
turning moment, and a direct tensile stress of intensity /^ due 
to the bending moment acting on the shaft. By the theorem 
just proved, we also have on B a shearing stress f^. Let 
/' denote the intensity of a tensile stress, which, acting on a 
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plane A B inclined to A and B 0, would balance the stresses 
on these latter planes. As before, let the width of the three 
planes perpendicular to the plane of the paper be unity. 

Resolving vertically and horizontally, we have : — 

(/'. AB)cosO-(/,. AC), 
and (/'. AB)sintf = (/,.BC) +(/f. AO). 

From the first of these equations we get : — 
AC 

/' AB sintf ^ , 

4^ = -; = r = tan <*! • ■ (1^ 

and from the second : — 

BC AO 

/•' = i? / + ^./ 

■' WD.6 •'' sinO 

nna A gin ^ 



" Sin tf • sin 6 

» =/, cot 6 (-/(. 

f'-f 
Or, ^ li = cotA (2) 

Multiplying together (1 ) and (2), we get : — 
/' /'-/ _ , 

Which on being solved for/' gives : — 



/'=! + 4^+fs' (V) 

We take the positive sign in the solution of this quadratic 
equation, for obviously/' is greater than J/j. 

Being now in possession of the relation subsisting among the 
stresses, we next have to express these in terms of the T.M. 
and B.M. :— 
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Since T.M. = ^ Jy^ f^ 



And B.M. = R.M. = ~ D^f^ 



IT I ,191. 

Eence, /^ = (3) 




And /<=|^ W 

32 
In like manner, we must have : — 

B.M. 



/' 



3>^ 



where B.M.' stands for the equivalent bending moment. 

Making these substitutions, and reducing, (V) becomes : — 

B.M.' = I {B.M. + VB.M.2 + T.M.2} . . (VI) 

Now, if T.M.' denotes the equivalent twisting moment, it easily 
foUows from equations (3) and (4) that for equal intensities of 
stress we have : — 

T.M.' = 2 B.M.' 

Hence, T.M.' = B.M. + JBMXTTMJ . . . (VII) 

It will be found that equation (VII), giving the so-called 
equivalent twisting moment, is the one most generally applied. 
It should be noted, however, that the stress concerned here is 
a tensile one and not a shear as in a proper twisting moment. 

Example IV. — Investigate an expression in terms oif^f, 
and^ which will give the resultant tensUe stress, y, per square 
inch of section in a material which is subjected atthe same time to a 
direct tensile stress ofy^ lbs. per square inch, and to a shearing 
stress, fg lbs. per square inch. A bar of iron is at the same 
time under a direct tensile stress oi 5,000 lbs. per square 
inch, and to a shearing stress of 3,500 lbs. per square inch. 
What would be the resultant eqxuvalent tensile stress in the 
material ? (S. & A. Hons. Exams., 1896.) 

Answer. — The complete investigation referred to in the first 
part of this question is given in the text, and equation (V^ 
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is the expression required. It only remains to find the 
numerical value oif, having given 

/^ = 5,000 and /, = 3,500 

5,000 /5,0002 



/'='^^V- 



+ 3,500' 



4 
„ = 6,800 lbs. per sq. in. fully. 

Example V. — A wrought-iron shaft is subjected simultane- 
ously to a bending moment of 8,000 inch-lbs., and to a twisting 
moment of 15,000 inch-lbs. Find the twisting moment equivalent 
to these two, and the least safe diameter of the shaft. The safe 
stress against shearing is to be taken at 8,000 lbs. per square 
inch. Prove clearly the formula you employ. (S. <fe A. Hons. 
Exam., 1890.) 

Answer. — Here we have : — 

B.M. = 8,000 inch-lbs. 
And T.M. = 15,000 

Hence, by formula (VII) we get : — 

T.M.' = 8,000 + V8.0002 + 15,000^ 
„ = 25,000 tach-lbs. 

To find the diameter of the shaft to withstand this T.M.' 
with a shearing stress of not over 8,000 lbs. per square inch, we 
employ formula (II) making : — 

T.M. = T.R. = ^D*/. 



/ T.M.' / 25,000 „ , , . V. 



= 8 / ■r , 3 /3U16 „ „„„ 



Stiffness of Shafts.— Angle of Twist.— We ha,ve already seen 
that the efiect of a turning moment applied to a shaft is to twist 
one part relatively to another. Hitherto we have been dealing 

only with the resistance the shaft ofiiers to being twisted that 

is to say, we have been concei-ned only with the strength of the 
shaft without regard to the question of stiffness. In many cases 
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— especially in light machinery — the question of the stiflEhesa 
of the shafting is of greater importance than that of strength. 

The stiffness of a shaft is measured by the smallness of the 
angle of twist per unit length of the shaft. 

Turning back to the figure illustrating strain in a shaft, let 
dl he the axial distance, in inches, between the two sections 
whose diameters are A B, a 6, and let cl6hQ the circular measure 
of the angle between those diameters when the shaft is twisted ; 
then the torsional, or shearing strain at the surface of the 
shaft, is 



=(?) 



di 
""dl- 



D, as before, being the extreme diameter of the shaft in 
inches, 

Let /= Surface stress in the material of the shaft in lbs. per 
sq. inch. 

„ C = Modulus or coefficient of shearing elasticity or of 
rigidity in lbs. per sq. inch. 



Then, since 



~ _ stress _ y 
~ strain /D\ d 6 ' 

\l)-dT 



d^ = ^.dl. 

Hence, for a shaft L inches long we have, by a simple 
integration, the angle of twist. 



^-Q-Diy OD 



To express this result in terms of the twisting moment and 
the diameter of the shaft, we have : — 

T M 
f = — '- — ^ for solid shafts. 

T M 
And, / =- ,_ p4 ' s *°'" ^""^^"^ ^'^^''^ 

16 D 
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Making these substitutions and simplifying, we get : — 
Angle of twist for solid shafts, 



, 10-2 (T.M.) L ,. 

" = 1~, -r^i — • radians. 

CD* 

Or, &•= Qjyi • degrees. 

And, for hollow shafts, 

, 10-2 (T.M.) L ^. ^ 

Or, (T^^^^^^;^^. degrees. 



(VIII) 



(IX) 



Ey the equations just established, we see that, while the 
strength of shafts vary as the third power of their diameters, 
their stiffness varies as the fourth power. 

Example VI. — Establish a formula for the moment of resistance 
to torsion of a solid shaft of circular section. The angle of 
torsion of a shaft is limited to 1° for each 10 feet of length ; find 
the diameter of a solid round shaft to transmit 100 H.P. at 50 
revolutions per minute, the modulus of resistance to torsion 
being 10,000,000 lbs. per sq. inch. (S. & A. Hons. Exam., 
1892.) 

Answer : — 

Here, i = V when, L = 10 v 12 = 120 inches 

And, C = 10,000,000. 

Also, T.M. = 63,024 x ^l^' = 63,024 x ^- 

w 50 

„ = 126,048 inch-lbs. 

Now, applying formula (VIII) the given conditions are that: — 

„ 584 X 126,048 x 120 
° 10,000,000 X D* 

Hence, solving for D, we get : — 

D = * ISS^JlWmZI^ = 545 inches 

^l 10,000,000 
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Lectukb IV. — Questions. 

1. A 10-inch shaft has a 4-inoh hole run through it ; what fraction of 
its weight is removed ? To what extent is its strength in resisting torsion 
aflfeoted? Ans. 16 per cent. ; 2'5 per cent, nearly. 

2. A hollow shaft is 10 inches external diameter and 4 inches iBternal 
diameter ; compare its strength to resist torsion with that of a solid shaft 
of the same weight. 

■3. Cylindrical bars of metal, each of 1 inch diameter, are exposed to 
torsion by weights applied at the end of a 12-inch lever. What would be 
the probable ultimate strength in the case of good specimens of wrought 
iron and cast iron. State the law according to which the strength of 
shafting increases by increasing its diameter. 

4. If a wrought-iron shaft of 1 inch diameter is broken by the torsion 
of a load of 800 lbs. acting at the end of a 12-inch lever, find the weight 
which, when applied to the end of the same lever, would break a shaft of 
the same material, but 3 inches in diameter. State, in general terms, the 
reasoning by which you arrive at the result. Atis. 21,6TO lbs. 

5. If a shaft of 3 inches diameter transmits safely 33 horse-power at 
100 revolutions i er minute, what size of shaft will transmit safely 20 horse- 
power at 150 revolutions per minute. Ans. 2-22 inches. 

6. If 800 lbs. at the end of a 12-inch lever be a safe stress to apply to a 
wrought-iron bar 1 square inch in section, find the efibrt which a shaft 

2 inches in diameter can transmit at the circumference of a pulley one foot 
in diameter, and making 300 revolutions per minute. Find also the horse- 
power transmitted. Ans. 8,912 lbs.; 254 H.P. 

7. A shaft is of given material and given diameter, find an expression 
for the moment of resistance to torsion. Given the maximum stress to 
which the material may be subjected, find the diameter of a shaft which 
will transmit a given horse-power at a given number of revolutions per 
minute. 

8. A twisting moment of 9,600 inch-pounds is sufficient to break a 
wrought-iron shaft of 1 inch diameter. Use 6 as a factor of safety, and 
hence determine what horse-power can be safely transmitted through a 
shaft of 3 inches diameter when running at 120 revolutions per minute. 
Prove the formula which you employ. 

y. Investigate an expression for the moment of resistance to torsion of 
a given cylindrical shaft when subjected to a given twisting moment. 
What is the maximum horse-power which could be transmitted by a shaft 

3 inches in diameter when making 150 revolutions per minute, it being 
given that the shearing stress in the material is not to exceed 7,500 lbs. 
per square inch? Ans. 94 '5 H.P. 

10. If 9 be the angle of twist expressed in circular measure in a length 
of shafting I, M the twisting moment, C the modulus of transverse 
elasticity, and d the diameter of the shaft, prove that — 

. 10-2 M/! 

11. A horizontal bar of round iron, 1 inch diameter, 6 feet long, hinged 
at the ends, is subjected to equal and opposite pushing forces of 1,000 
lbs. at its ends, and a load of 10 lbs. is hung at the middle so that it is 
both a beam and a strut. Find the greatest stress anywhere. E=29xl0' 
lbs. per square inch. 
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12. Find the inside and outside diameters of a hollow steel shaft, the 
internal diameter being f of the external diameter. The shaft is to 
transmit 6,000 H.P. at 116 revolutions. Suppose the maximum twisting 
moment to be 1 "3 times its mean value and the maximum stress allowed in 
the material to be 10,000 lbs. per square inch. Prove the truth of the 
formula which you use. 

13. A shaft transmits 35 horse-power at 1 30 revolutions per minute ; 
what is the twisting moment in pound feet? What is the nature of the 
strain and stress in the shaft? Ans. 1,413 lbs. (B. of E. Adv., 1900.) 

14. A wire of Siemens' steel, 1 inch diameter, is to be twisted till it 
breaks. Sketch the arrangement ; show how the angle of twist and the 
twisting moment are measured; how the results may be plotted on squared 
paper, and the sort of results that may be expected. In what way may a 
wire of twice the diameter be expected to behave ? After twisting such a 
wire much beyond permanent set, suppose the twisting torque to be 
removed, in wliat state of internal strain might one expect to find the 
material? (B. of B. Adv., 1901.) 

15. A hollow tube of aluminium bronze, 1 inch diameter inside, IJ inches 
diameter outside, is to be twisted till it breaks. How would you arrange 
the experiment without any special testing machine? Show on squared 
paper what sort of results you would expect. If the modulus of rigidity 
of the material is 5 '3 x 10' lbs. per square inch, what twisting moment 
will produce a twist of O'OOl radian per inch ? What Is now the greatest 
stress? (B. of E. H., Part I., 1901.) 

16. Suppose that a shaft of 1 inch diameter may be safely subjected to 
a torque of 2,000 pound inches, what torque will a 2J-inoh shaft safely 
resist ? Calculate the horse-power which may be transmitted by the latter 
shaft if its speed is 150 revolutions per minute. How does the shear stress 
in a circular shaft, subjected to twisting, depend upon distance from the 
centre? (B. of E. Adv., 1902.) 

17. A steel shaft is to be used to transmit power a distance of 75 feet ; 
the twist on the whole length is not to exceed 22^°, nor the stress to exceed 
8,500 lbs. per square inch : what must be the diameter of the shaft, and 
what H.P. can be passed through it at 135 revolutions a minute ? (Modulus 
of transverse elasticity = 12 x 10' lbs. per square inch. 

(C. & G., 1900, H., Sec. A.) 

18. Compare the strength of two cylindrical shafts, subjected to pure 
torsion, if their diameters are If and 2i inches respectively. Assuming 
that the cost of such shafting is directly proportional to its weight, what 
would be the relative costs? (C. & G., 1901, 0., Sec. B.) 

19. Obtain a formula for the diameter of a shaft, given the twisting 
moment to which it is exposed, and the maximum stress allowed in the 
material: — A shaft 15 inches in diameter is exposed to a twisting moment 
of 227,800 foot-pounds, and to a maximum bending moment of 43 foot- 
tons: find (a) the maximum stress set up in the material, (6) the twisting 
moment required to produce the same stress if there were no bending 
moment acting with it. (C. & G., 1901, H., Sec. A.) 

20. The two halves of a flange coupling are fastened together by four 
round wrought-iron bolts. The diameter of the bolt circle is 10 inches, 
and the shaft transmits 120 H.P. when making 120 revolutions per minute. 
Assuming a suitable shear stress for the bolts, find their diameter. 

(C. &G. 1902, O., Sec. B.) 

21. Find the diameter of the propeller shaft for a ship, each eneine of 
which develops 10,000 H.P. when going at 120 revolutions per minute. 
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You may assume that the shaft is subjected to pure torsion, and that the 
safe shear sti-ess of the material is 5 tons per square inch. 

(C. &G., 1902, 0., Sec. B.) 

22. The screw shaft of a, high-speed vessel is 6 inches external and 3 
inches internal diameter, and rotates 400 times a minute. If the intensity 
of stress is limited to 5 tons per square inch, find the' maximum horse- 
power that can be safely transmitted, the shaft being supposed subjected 
to twisting only. If the length of the shaft between the thrust block and 
the screw be 60 feet, find the angle of torsion of the shaft, the modulus of 
rigidity being 4,500 tons per square inch. (C. & G., 1902, H., Sec. A.) 

23. In an overhanging crank, the crank-arm radius is 16 inches and the 
distance between the centre of the crank-pin and the centre of the near 
crank-shaft bearing is 12 inches. When the connecting-rod is at right 
angles to the crank, the thrust along the rod is 5,000 lbs. Estimate the 
maximum tensile and shearing stresses in the crank-shaft, the diameter of 
the crank-shaft being 5 inches. (C. ScGt., 1902, H., Sec. A.) 

N.B. — See Appendices B and Cfor other questions and answers. 
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liBCTtTKE IV.— A.M.I11ST.C.E. Exam. Questions. 

1. The bolts of a cylinder cover are screwed down until they are subject 
to an initial stress of, say, 1 ton per square inch. Discuss the question of 
the effect of steam-pressure in the cylinder on the tension in the bolts. 

(I.C.E., ^e6., 1898.) 

2. Find the relative weights of a solid shaft and of a hollow shaft which 
will transmit & given torque (twisting moment) with the same maximum 
stress, the external and internal diameters of the hollow shaft being as 3 to 
2. Find the ratio of the torsional sti£Eaesses of the two shafts. 

(I.C.E., Feb., 1898.) 

3. For a shaift subject to torsion and bending deduce a formula for the 
simple torque that is equivalent — as regards the maximum stress induced 
— to the given torque and bending moment combined. (I.C.E., Feb., 1898.) 

4. Define the terms : — EfiScienoy of machine, H. P. -hour, torque, moment 
of momentum, moment of inertia, radius of gyration. If a torque of 
0*245 ton-foot is acting on a shaft which makes lliO revolutions per minute, . 
find the H.P. transmitted. (LC.E., Feb., 1899.) 

& Show that the resistance to twisting of a shaft varies as the cube of 
the diameter. Compare the strengths of two shafts of the same diameter, 
one solid, the other hoUow of half the weight. (I.C.E., Oct., 1899.) 

6. Find a formula for the diameter of a shaft to transmit N horse-power 
at n revolutions per minute, and state the circumstances on which the value 
of the coefficient depends. Obtain a numerical result for 2,700 H.P. at 
100 revolutions, using such a value of the coefficient as you consider suit- 
able for some specified case. (I.C.E., Oct., 1899.) 

7. When a force is applied to the pin of an overhung crank, show that 
it is equivalent to a couple tending to turn the crank shaft, a couple 
tending to bend the shaft at a section between the crank and its journal, 
and a shearing force at the same section. Find their amounts in terms of 
P the applied force, r the length of crank, and a the distance of section 
considered from the point of appUcation of P. (LC.E., Feb., 1900.) 

8. Distinguish between "sheering stress" and "norm^ stre.<!S," and 
find their values at any point of an obl ique section (1) of a compressed 
block, (2) of a tubs subjected to torsion. What is the essentisJ difference 
of these two cases? (LC.E., Feb., 1900.) 

9. Find the relation between the stress on a twisted shaft and the 
moment producing it. Find the least diameter of a solid steel shaft to 
transmit 269 H.P. at 150 revolutions per nunute, the stress being limited 
to 9,000 lbs. per square inch. (I.C.K, Feb., 1901.) 

10. A steel shaft has to transmit 25 H.P. at 75 revolutions per minute. 
Of what diameter would you make this shaft? Choose yonr own safe 
working-stress. (ICE., Oct., 1901.) 

11. n the end of a rod of 1 inch diameter is twisted by the turning effort 
of a force of 80 lbs. acting at the end of a 12-inch lever, find the force 
which, when applied to the end of the same lever, would twist equally the 
end of a rod of the same material but of 1^ inch diameter and of half the 
lengti. (I.C.E., Feb., 1902.) 

12. Deduce an expression for the amount of twist in a shaft under a 
given twisting moment, and apply your result to find the angle through 
which a 2^ indi steel shaft will be twisted if it is 80 feet long and subjected 
at one end to a twisting moment of 19,000 inch-lbs. (I.C.E., Feb., 1902.) 



112 



LECTURE IV. 



13. A shaft transmits 120 H.P. at 75 revolutions a minute. The diameter 
of the circle of the bolt centres of the couplings is lOJ inches. Each 
coupling has 6 bolts, and the shearing stress per square inch allowed in 
these bolts is 2^ tons. Find the diameter of these bolts. 

(I.C.E., Feb., 1902.) 

14. Obtain an expression for the work done by a couple. The pitch of a 
screw propeller is 14 feet and the twisting moment is 120 ton-inches. Find 
the thrust. (I.C.E., Oct., 1902.) 

15. How is the strain caused by shearing stress measured, and what is 
the modulus of rigidity ? If a rod J inch in diameter and 20 inches long is 
fixed at one end and the other end is twisted through an angle of 15° 
relatively to it, what is the strain in the outer fibres of the rod ? 

(I.C.E., Oct., 1902.) 

16. A bar of iron ^ inch diameter is twisted to destruction ; calculate 
what twisting moment is required for this purpose, assuming that the 
shearing stress becomes uniform all over the section and equals in the limit 
19 tons per square inch. (I.C.E., Oct., 1902.) 

17. An axle fixed to two wheels is driven at the centre by a chain and 
supports two bearings, distant 12 inches from the centre of the wheels, the 
load on each bearing being 2 J tons. If the power exerted is 20 H.P. and ^ 

2^ Fans Z^ Tons 



ux 



>'l2f' 



^12'f. 



the rate of turning is 30 revolutions per minute, find the maximum 
intensity of stress in the axle if its diameter is 5 inches. 

(I.C.E., Oct., 1902.) 
IS. How is the strain measured in the case of a bar in tension or compres- 
sion ; also in the outside fibres of a shaft subject to torsional stress ? If 
the modulus of elasticity is given in the first case, and the modulus of 
rigidity in the second, how would you find the stresses from the measured 
strain? (I.C.E., /'efc., 190,3.) 

N.B. — ;See Appendices B and Q for other questions and answers. 
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LECTURE V. 

STRENGTH AND ELASTICITY OF MATERIALS. 
TESTING AND TESTING MACHINES. 

Contents. — Short History of Mechanical Testing Machines — Advantages 
of Laboratory Testing to Young Engineers — Mechanical plus Chemi- 
cal and Microscopic Tests of Engineering Materials — Different 
Mechanical Tests — Necessity for a Careful Prior Investigation of the 
Kind of Stresses to which the Structure may be Subjected — ^Investiga- 
tions of Accidents and Breakages — Prof. Barr's Wire- Testing Machine 
— Line Diagrams of Three Leading Types of Testing Machines — 
Thirty-Ton Single-Lever Vertical Testing Machine, with Autographic 
Recorder — Fifty-Ton Single-Lever Testing Machine — Buckton & Co. 'a 
300-Ton Universal Testing Machine for Full-sized Structural Members 
— Equipment of this Machine for Different Kinds of Tests — A Con- 
venient Method of Obtaining and Regulating the Pressure and Flow 
of Water to the Ram of a Testing Machine— Proportions of Test-Bars 
and their Attachment in Tensile Tests — Transverse Bar - Testing 
Machines — Cross Bending, &c. —Admiralty Rules for Testing Materials 
for Machinery — French Methods of Testing Materials of Construction — 
Publications Dealing with Engineering Tests and Materials — Questions. 

Short History of Mechanical Testing Machines.— Instead of 

actually loading a specimen direct with dead weights, we may save both 
time and labour by using a testing machine which measures by some more 
or less convenient " advantage "or " moment " the stress or load applied 
to a specimen. The greater the load required to test the specimen, the 
greater will be the saving between direct loading and the application of 
the desired stress in an up-to-date accurate testing machine, which is simply 
an ingeniously devised and refined weighing apparatus. 

Naturally, the most primitive form of testing machine was to fix one 
end of the specimen to a rigid foundation, then to attach the other end 
of the specimen to the end of the shorter arm of a balancing lever, and 
put known weights into the scale pan hung from the end of the longer 
arm until the desired effect was produced on the specimen. 

In 1813 an improvement upon this simple arrangement was made and 
introduced into the Royal Dockyard at Woolwich by the well-kbown 
inventor of the hydraulic press, Mr. Bramah of Pimlico, London, for the 
purpose of testing the chain cables for mooring ships, which were then 
taking the place of rope hawsers. This machine had a fixed hydraulic 
cylinder with its ram-head hooked on to one end of the chain to be 
tested. The other end of the chain was attached to levers with balancing 
weights, whereby the stresses produced upon the chain by the pressure 
of water on the ram were indicated. 

In 1852 Ludwig Werder, of Nvimberg, made a machine for applying 
both tension and compression stresses to test specimens. 

From April, 1858, to September, 1861, Mr. David Kirkaldy, head 
draughtsman to Robert Napier &, Sons, Engineers and Shipbuilders, 
Glasgow, carried out a most extensive and careful set of tests and other 
experiments upon "homo" and "puddled" steels for marine steam boilers 
and machinery, as well as upon the iron plates and angle irons of H.M, 
2 8 
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armour cased ships "Black Prince" and "Hector"; and The Institution 
of Engineers and Shipbuilders in Scotland awarded him their Prize Gold 
Medal for his communication " Experiments on Iron and Steel." * 

From the beginning of 1862 to June, 1864, Mr. David Kirkaldy devoted 
two and a half years to the designing, drawing, and patenting of a specially 
large new form of horizontal testing machine, which he then entrusted to 
Greenwood & Batley, Leeds, to make under his supervision. This machine 
was finally set to work at The Grove, 99 Southwark Street, London, on 
the 1st January, 1866, for the purpose of public and private testing, and is 
still doing good work to the present day. By this machine, columns of 
any length up to 21 feet 6 inches by 2 feet by 2 feet 8 inches can be tested 
up to 270 tons, which gives some idea of its size and capabilities. It was 
arranged for tension, compression, and deflection tests, f The author had 
the pleasure of seeing this machine at work in 1873, and of having its 
construction, action, and uses explained to him by the designer. 

There can be no doubt, that to Mr. David Kirkaldy, M.Inst.C.E., &c., 
belongs the credit of first designing and setting to work an accurate, large 
testing machine, as well as of carrying out thousands of diflFerent reliable 
experiments with it for various governments, firms, and persons. The 
more important and larger sizes of testing machines used in many works 
and laboratories in Europe have been based upon the leading principle of 
this machine — viz., that of applying the load to the test-piece by water 
pressure in a hydraulic cylinder and of measuring the load by a weight. 

From 1860 to 1870, Herr Wohler carried out many experiments on iron 
and steel, and devised several testing machines for subjecting specimens to 
oft-repeated stresses, or fatigue. 

In 1872-73, Lord Kelvin's Hydrostatic Testing Machine was first used 
for testing thousands of miles of the sheathing wires for submarine cables. 
(See the author's Ma/aval of Applied Mechanics for figure and description.) 

In 1879, Mr. A. H. Emery built and started a testing machine at the 
Watertown Arsenal, U.S.A., with a peculiar diaphragm-piston or press 
cylinder, &c. , which could do all the different tests of Kirkaldy's machine, 
and subject columns 30 feet long by 2 feet 6 inches by 2 feet 6 inches to at 
least the same thrust, or 357 imperial tons.J 

In August, 1882, Mr. J. H. Wicksteed, of Leeds, described in his paper, 
read before the Institution of Mechanical Engineers, his special form of 
Single-Lever Testing Madhine ; and, in February, 1886, before the same 
Institution, his "Autographic Test- Recording Apparatus" for use with his 
vertical or horizontal testing machines. 

In 1894, the great Oharlottenberg testing machine was installed. It 
tests up to 492 imperial tons, and tiuies in columns 49 feet long by 2 feet 
7 inches by 2 feet 7 inches. 

• See Tram. Inst. E. ami S., 1862-63, vol. vi., p. 27, for Mr. Kirkaldy's 
paper with conclusions and discussion ; also vol. vii., p. 134, for an account 
of the presentation of the medal. 

t All students interested in Mechanical Testing and Testing Machines 
should try and see the large book by W. G. Elirkaldy on Strength and 
Properties of Materials with Description of the System oj Testing, published 
by Sampson Low, Marston, Searle & Rivington, Limited, London, since 
they will find therein a large quantity of useful data, with illustrations and 
description of the above-mentioned 1866 Kirkaldy Testing Machine. 

tSee vol. Ixxxviii., Proc. Inst. C.E., p. 14, for Prof . Kennedy's paper 
on " Engineering Laboratories," where further historical and other data 
will be found. 
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In 1903, Mr. J. H. Wioksteed, President Inst. M.E., designed, and his 
firm, Joshua Buokton & Co., Limited, of Leeds, made and installed a 
300- ton Universal Testing Machine at the Testing Laboratory of the 
Conservatoire des Arts et Me'tiers. This machine is 130 feet in length 
and 120 tons in weight. It will take in columns 88 feet long by 3 feet 
3 inches (each way), and tension members of the same length and diameter.* 

Advantages of Laboratory Testing to Young Engineers.— 

During an ordinary apprenticeship in a works or pupilage in a civil 
engineer's oflSce, the average young engineer does neither have much 
opportunity of studying scientifically the physical, chemical, and micro- 
scopic (or minute structural) properties of the metals with which he may 
be brought into contact, nor their strengths and elasticities under 
different kinds of stresses. Moreover, he has seldom full access to 
specifications wherein the various tests to be applied to the work in 
hand are detailed. True, he can attend evening science and techno- 
logical lectures, or study at home under a system of "tuition by 
correspondence." But, neither his apprenticeship nor his evening 
studies, however well performed, will afford him the same comprehensive 
grasp, or give him the same intimate and useful insight into the 
properties, behaviour, and efficiencies of engineering materials and 
machines as a thoroughly good set of day engineering laboratory courses. 
There, he can be taught not only how to arrange for, but to make by 
himself, or in conjunction with other students, accurate measurements, 
tests, and a variety of experiments. 

Professor A. B. W. Kennedy was the first person to start, in 1878, at 
University College, London, such an Engineering Laboratory ; and now, 
2ost of our Universities and larger Technical Colleges possess imitations 
of, and even improvements upon, what he initiated. + Consequently, 
young engineers who can spare the time and the money may attend and be 
greatly benefited by such practical Laboratory courses. 

This slight diversion here on the author's part from his otherwise strict 
adhesion to explanatory diagrams, calculations, and technical explanations, 
is partly due to the fact, that he is indebted to Profs. Kennedy and Ewing, 
as well as to the Institution of Civil Engineers, for permission to reproduce 
in this lecture a number of figures with explanations of the actual testing 
machines used by them and their students in their laboratories. A careful 
study of these descriptions, as well as of the other testing machines for 
works, with the references to papers and books, will no doubt prepare 
those who have served an apprenticeship to mechanical engineering to 
make tests with similar machines. They will also help pupils who have 
not yet done so, but who intend to enter upon a laboratory course or who 
have begun the same, to understand the actual machines and the different 
tests far better than if they had previously never read about them. 

•See Mr. J. H. Wioksteed's 1904 B.A. paper on "A Universal Testing 
Machine of 300 tons for Full-sized Structural Members," and description 
of this machine in this lecture. 

t The author started a combined workshop and laboratory in 1881 at the 
College of Science and Arts, Glasgow, without having had the privilege of 
seeing or of having read any account of Professor Kennedy's laboratory. 
But, due to seven years' continuous mechanical and electrical testing of 
everything pertaining to submarine cables, these earlj efforts produced far 
better results than mere lectures with the aid of a blackboard and chalk. 
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Mechanical plus Chemical and Microscopic Tests of Engineer- 
ing Materials.— it is now generally recognised, that prior to the de- 
signing and during the manufacture of all important new engineering 
structures, specimens of the proposed and of the actual materials should 
be subjected to certain tests and investigations which shall, as far as 
possible, imitate and prove their fitness to withstand the very stresses 
and strains, as well as the other affecting influences, to which the dif- 
ferent parts of the structure may have to be subjected, during their 
useful existence. 

lb many cases, mere mechanical tests will not reveal the complete all- 
round knowledge of the fitness of a specimen — or even of a complete 
member — to withstand in the best manner possible, and for the longest 
time, the various influences which may be brought to bear upon engineering 
materials during their lifetime. Hence, it is frequently necessary, tnat these 
mechanical tests — however skilfully applied and their results accurately 
measured, tabulated, and considered — -should be accompanied by exact 
chemical analysis, as well as by careful microscopic observations with 
photo-micrographs. * 

Micrographs. — For example, the researches of Professor J. O. Arnold,t 
at the University College, Sheffield, have revealed, that almost invariably 
small steel castings exhibited in the first stage of their manufacture the 
Widmannstatten figures, when the carbon in the steel was near the 
semi - saturation point of steel — viz., 0'45 per cent. His researches 
involved a close investigation of the influence of mass, and hence the 
experimental castings varied from 28 lbs. to 2 tons. In the heavier 
castings the particular Widmannstatten figures already mentioned are 
seldom to be found, since the slow cooling of the mass exerted an 
influence similar to that of annealing, which operation causes a change 
in the structure so profound as almost always to destroy these 
figures. 

The Steel Casting Micrograph Figure. — The structure of the metal from 
a 30-lb. casting is shown by the upper half-section of the micrograph 
figure. It exhibited only two of the constituents since the original 
magnification of 66 diameters was too low to reveal the third and 
fourth constituents — viz. , the sulphides of manganese and of iron — which 
were present in minute quantities. 

The dark etching constituent is pearlite (21Fe -^ FojC). Its colour is 
due to the liberation during etching of an automatic stain composed of 
that dark, carbonaceous colouring matter upon which the well-known 
carbon colour test depends. The pale constituent is ferrite, or nearly 
pure iron, and has assumed that crystalline structure characteristic of 
the Widmannstatten figures. 



* In order that students may the more thoroughly grasp the importance 
of carrying out their investigations of metals in a complete manner, 
they should study "Naval Accidents," by Thomas Andrews, F.R.S., in 
Engineering, p. 737, December 2, 1904, et seq. 

+ 1 am indebted to Prof. Arnold for kindly presenting me with the original 
photo-micrographs of 66 diameters, from which my publishers reproduced 
the accompanying plate (Fig. 1) to half size, or 33 diameters, as well as 
drawings of the two test-pieces, and to Nature of November 10, 1904, 
p. 32, for the data by Prof. Arnold and Mr. A. M 'William. 
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AFTER ANNEALING. 180' UNBROKEN. 

Fig. 1.— Test Specimens of Cast Steel. 

Made by Professor J. 0. Arnold and A. M'William at the 

University College, Sheffield, 1904. 



For Prof. Jamkson's " Text-book on Strengtii of Malcrials" 
Lectured., Vol, II., to face p. 116 
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Chemical Analysis. — The mean analyses of drillings taken from a portion 
of the casting were as follows : — 

Carbon, 

Silicon, 

Manganese, 

Sulphur, 

Phosphorus, 

Aluminium, 

Iron by difference, 

Total, 100 00 „ 

The Annealed Steel Casting Micrograph. — The lower half-section delineates 
the very different structure of the cast steel after careful annealing. The 
result shows a total re-arrangement of the pattern presented by the ferrite 
and pearlite, and a consequent elimination of the above-mentioned figures. 

Mechanical Tests of the Cast and Annealed Steels. — The venr complete 
change in structure due to annealing was also accompanied by a great 
change in the mechanical properties of the steel. This change will be 
seen by comparing the results of bending tests made before and after 
annealmg, upon two bars each 10 inches long by f inch diameter from 
the casting. The metal as cast snapped sharply after bending through 
an angle of 43° over a radius of f inch; whereas, the annealed bar bent 
through an angle of 180° over the same radius without any signs of fracture. 
The following results were obtained from this steel casting : — 
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This particular steel casting was not intended for commercial purposes; 
but the results as stated are sufficient to show, that a thorough investiga- 
tion into the properties of metals for engineering structures should be 
accompanied by exact chemical analysis and by precise metallographic 
reproductions of the structures, before and after any special treatment, 
such as annealing or tempering in water or oil, &c., and even before and 
after the mechanical tests.* 



* Students who are specially interested in the various phases of this 
subiect should study the several reports of "The Alloys Research Com- 
mittee" as started and maintained by The Institution of Mechanical 
Eneineers, London, from 1891 to 1905. A synopsis of five reports wiU be 
found in the General Index to the Proceedings, 1885 to 1900, of that 
Institution, as issued in November, 1904, under the heading "Alloys 
Eesearch." 
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Different Mechanical Tests.*— Messrs. Seaton and Jude in their 
paper on "Impact, Tests" remark, that — "At present everybody makes 
tension tests and trusts more or less to them alone " ! 

The tension test is no doubt a good and sufficient one when the pre- 
dominant stress is that of pure static tension or steady load as in boilers, 
buildings and tanks, &c. ; or, where the structural work may be subject to 
recurrent loads of one hind (with intervals of rest), in addition to the steady 
load due to its own weight as in the several members of bridges, &c. But, in 
the case of structures subjected to rapidly-repeated loads of one kind, all 
more or less suddenly applied, as with bolts, studs, rails, &c. ; or, struc- 
tures subjected to alternating loads, such as in the fixed and moving parts 
of machinery in general, and many parts of a ship, the simple tension test 
is not sufficient. 

But, the following tests can be made on most pieces of metal and on 
steel in particular : — 

1. Tension and elongation. 

2. Compression. 

3. Transverse bar tests. 

4. Cross bending, or folding, or doubling cold or hot. 

6. Shearing, boring, drifting, punching ; hammering to a point or edge. 

6. Fatigue of metals by gradual reversal of stress either by bending in 

one plane or by oscillations, as adopted by Wohler and others. 

7. Fatigue of metals by reversals of the mean stress, as carried out by 

Prof. Osborne Reynolds and J. H. Smith, M.So. 

8. Impact on unnotohed and on notched bars. Drop or falling tests. 

9. Torsion. 

10. Hardness, temper, and brittleness. , 

The above-mentioned authors naturally ask the question, "Which of 
the tests in such a long list is really a true universal gauge of the 
suitability of (say) a piece of steel for any purpose it may be put to ? " 
And, as a help to answer this question, they give the following interesting 
table of the different kinds of stresses in the steel parts of an up-to-dato 
(reciprocating) steam engine of moderate size: — 



* See the paper read before The Institution of Mechanical Engineers, on 
November 18, 1904, by A. B. Seaton of London and A. Jude of Birmingham — 
viz. , " Impact Tests on the Wrought Steels of Commerce," and the discus- 
sion. Also, the reports and articles on the same in The Engineer and 
Engineering of November 25, 1904, et. seq. Students may also refer to 
Appendices D to M at the end of Mr. A. E. Seaton's Manual of Marine 
Engineering, 15th or later editions, as published by Charles Griffin & Co., 
for the Admiralty, Board of Trade, Lloyds, British Corporation, and Bureau 
Veritas Rules for Boiler Shells, Plates, Stays, Shafting, and their respec- 
tive tests. The British " Admiralty Svles for Testing Materials for 
Machinery,'' and French "Methods of Testing Materials Qf Gonstruction," 
will be found at the end of this lecture. Books containing all the rules 
and regulations of each of these authorities may be obtained by direct 
application to their secretaries. These books are to be found in the 
libraries of most engineering institutions. 
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DirFBEBNT Kinds of Stresses to which the Steel Parts oi' a Recipro- 
cating Steam Engine are subjected and thbik Percentage Values. 

Constant tension 

Constant tension and compression (range from to a max. ), 

Constant tension and shook, 

Alternating tension and compression with shock, . 
Repeated tension (from a constant to a max.) with shock. 
Miscellaneous and doabtful, 

Total, 100-00 „ 

"It will therefore be seen, that 87-6 per cent, of the whole of the 
engine's stresses are more or less due to shock, whilst pure tension stresses 
form an insignificant percentage of the total stress. " They argue that, if 
various other machines be examined, it will be found that 9 out of 10 are 
working under similar conditions. 

Necessity for a Careful Prior Investigation of tlie Kind of 
Stresses to which Structures may be Subjected.— The above short 
quotations and abstracts are chiefly made here, to draw the student's 
attention to this important paper, and to the fact, that it is the duty 
of the engineer to consider most carefully whilst he is designing any fixed 
engineering structure or moving machine, what are the various and the 
chief kinds of stresses to which the structure or machine will be subjected 
during their existence. Further, to determine and specify clearly how 
oach specimen test-piece for each important member should be tested, so 
that he may ascertain to the best advantage its suitability for its future 
duties. 

Investigations of Accidents or Breakages of Materials.— 
When making investigations of accidents or causes which have led to 
the breakage of materials, the engineer should get or produce — 

1. A complete set of scale and sized drawings of the parts in question. 

2. Photographs of these parts taken from different points of view, and, 
if possible, oef ore any alterations have been made. 

3. As logical a statement as can be gathered of the conditions under 
which the breakage or accident occurred. 

4. Accurate chemical analysis of the parts near the fracture. 

5. Large photo-micrographs of these parts to show the structure of the 
materials. 

6. Carefully machined test-pieces (at least in two right-angled directions) 
taken from different places near the fracture and elsewhere. 

7. Such tests of these machined pieces as will most likely prove their 
qualities of resisting maximum stresses under fair conditions. 

8. He should then draw up a concise, clear, illustrated description of 
the whole of the circumstances and investigation. 

The Order of this Subject. — In this and the following lectures, the 
order of all the previously mentioned tests will be adhered to as far as 
possible, beginning with a testing machine for the elongation and breaking 
stress of wires, and then proceeding to larger machines for making tension, 
compression and transverse bending tests, &c. Admiralty rules for and 
French methods of testing, and stress-strain diagram recording apparatus 
will be illustrated and described with results, as well as how Young's 
modulus of elasticity is obtained for different cases, and, finally, iJie 
strength of struts and oolumua wiil be considered. 
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Fig. 2.— Prof. Babr's Wire-Tbstino Maohinb. 
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Prof. Barr's Wire-Testing Machine.*— Fig. 2 illustrates clearly 
the general arrangement and method of performing the test, viz. : — By 
admitting sand from the sand-hox through a filler to the box attached to 
the end of the test-piece. The weight of sand allowed to pass is registered 
by the pointer on the graduated vertical scale. 

If test-pieces of annealed wires differed from an ordinary specimen, it 
would only be in their having greater homogeneity. Therefore wire 
testing has this great advantage, that a large number of practically 
identical specimens can be obtained and tested. Hence, in testing two 
wires cut from one coil with the small machine shown by Kg. 2, if 
the two diagrams are made upon one paper with a fine pen under like 
conditions, it will be found, that the lines agree so closely for a consider- 
able part of their length as to be undistinguishable from each other. 

Line Diagrams of Three Leading Types of Testing Maehines.t 
— ^In the previous article on the history of testing machines it should have 
been mentioned, that for small machines up to 5, 10, or even 15 tons stress 
it is usual to employ screw and gearing instead of the hydraulic ram. 
This can be done without any loss of accuracy, and for ordinary laboratory 
work such sizes and method of applying the load are fully as convenient. 

The following three diagrams are simply intended to illustrate the 
principle of each machine to the student and not details or proportions :— ■ 




Fig. 3. — Line Diagram of a Wbrder Testing Maohihb. 
As used by Bauschinger at Munich in 1871. 

Werder Machine. — Here the test-piece o is held at one end by a grip on 
the frame of the machine «, and the other end is pulled by a connecting- 
rod from the short arm Cj of a knee-lever, whilst a scale pan d hangs from 
the outer end of the long arm c^ of the lever. The central fulcrum of the 
lever rests upon the end of the ram 6, so that the whole of the measuring 
apparatus moves along coincident with the motion of the ram head and 
the extension of the test-piece. The arm c^ is kept horizontal by aid of a 
spirit level. . 

University College, London, Testing Machine.— Tbia type of machine 
was designed and made by Greenwood & Batley in 1878 to meet Prof. 
Kennedy's requirements in his laboratory at University College, London. 
Li principle it is the same as the much larger horizontal machine pre- 
viously referred to as designed by Mr. Karkaldy. It consists of a 

• This wire-testing machine is used in the Watt Engineering Laboratory 
at Glasgow University. For a figure and description of Lord Kelvin's 
hydrostatic wire-testing machine, see the author's Manwd of Applied 

tFigs. 3, 4, 5, 8, 9, and 10 are from Prof. Kennedy's paper on "Engineering 
Laboratories," by his kind permission, and by the favour of the Institution 
of Civil Engineers. See Proc Inst. C.E., vol. Ixxxviii. 
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hrdraulic ram 6, connected directly to one end of the test-piece a, whose 
other end is attached to the knee-lever /j /, (5 to 1) and then by a link to 
a steelyard lever c, Cj (20 to 1). The total leverage is therefore 100 to 1. 




Fig. 4. — ^Line Diagb.au of the Testiko Machine at the 

TJniveksitt C!oIiLbge, London. 

As made by Greenwood & Batley, Leeds, in 1878. 

The load is applied by the ram 6 and measured by the position of the 
poise-weight m on the steelyard. The carriage and its hanger weigh 
50 lbs. by themselves, but the poise-weight m is variable by the addition 
or subtraction of 50 lbs. at a time up to 1,000 lbs. 

WickateedHs Machine. — This vertical machine has a single straight lever 
c^, Ci (50 to 1) placed horizontally on the top of the column e of the 
machine. A movable poise-weight m measures the load applied by the 




^ 



Fig. 5. — Line Dlagbam of a Wicksteed Vertical Single-Leveb 
Testing Machine. As made by Buckton & Co. , Leeds, 1882. 

ram b to the test-piece a. Thns, when a certain poise- weight is run out to 
its stop at the end of the lever c,, it balances 50 times the stress put upon 
the test-piece a by the ram 6. The poise- weight m runs on a four-wheel 
carriage, which is moved along the steelyard lever by a central screw, that 
is generally turned by belt power in the larger and by hand and a lever 
in the smaller machines. The poll on the test-piece is read by aid of a 
vernier attached to the poise-weight, whilst the scale proper is fixed to the 
steelyard. This type of machine is generally speaking simpler and better 
appreciated than the two former types. 
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Thirty-Ton Sing-le-Lever Vei'tieal Testing Maeliine, with 

Autoarraphie Recorder.— Oft^ecis to be attained with the Machine..— The 
maeliiue illustrated by l'"ig. 6 is for testing the strengtli of different 
materials in tension, bending, and compression. It is made by Green- 
wood & Batle}', Ltd., Leeds, to test up to 30 tons, and to idmit test-pieces 
.3 feet in length for ten.sion, 24 inches long for compression, also beania 
14 inches deep by 7 inches wide for bending. The supports are made 
arlju.stable from ti inches to 6 feet apart (see l''ig. 5 for the line diagram). 




Fig. 6.— Tuirty-Ton Sikgle-Le^te Veetical Testing Machine. 
By Greenwood & Batley, Ltd., Leeds. 

Description oj the Machi7ie. — It consists of a lioavy, vertical oast-iron 
support, upon which is mounted the weigh beam, with its travelling 
weight 'of 1 ton. This travelling weight is moved along the beam by 
means of a quicli threaded screw, which may be rotated either by hand 
or by hydraulic power. The beam carries a graduated scale to read 
direct in tons and fractions of a ton. The weigh beam and die holders 
rest on hardened steel knife edges. The lower die holder is attached to 



124 LECTURE V. 

an adjustable crosehead connected to the hydraulic ram crosshead by two 
steel screws, and is balanced by a weight and spring beam, shown at the 
bottom of the left-hand side of the vertical support. This cylindrical 
balance weight serves to minimise the shock when the test-piece breaks. 

The testing machine is provided with different forms of clips for holding 
the various lengths of test-pieces, as well as an autographic recorder, 
shown on the side of the vertical column, for plotting mechanically a 
stress-strain diagram of the test-piece. 

Fifty-Ton Single-Lever Vertical Testing Machine* {See Frontis- 
plate). — ^A convenient form of testing machine for use in laboratories is 
illustrated by the frontisplate of this edition. Here, a single self-balanced 
lever, with a single heavy travelling poise -weight, is the means for 
measuring the load applied to the specimen by a direct screw or by the 
hydraulic ram. This testing machine consists of a strong upright column 
to which the cylinder of the hydraulic ram is attached near the foot. A 
long lever or weigh-beam rests by a knife-edge on the top of the column 
and carries a travelling poise-weight. This travelling weight weighs 
1 ton and carries a vernier, by means of which its position is read against 
a divided scale on the beam. The test-piece is placed vertically, with its 
lower end secured in a crosshead, which is pulled downwards by the 
hydraulic ram underneath it. The upper end of the test-piece is secured 
by a shackle, which hangs from an inverted knife-edge on the beam. The 
beam oscillates about its knife-edge, which is placed at a short distance 
to the left of the first one, and is supported by a fulcrum plate on the top 
of the upright column. The travelling poise-weight is moved by means 
of a screw concealed within the beam. This screw receives its motion 
through spur-wheels from a parallel shaft provided with a Hooke's joint 
in the axis of oscillation of the beam. This shaft is turned either by a 
hand-wheel or by a power-driven counter-shaft. 

The cylindrical counterpoise, which is seen projecting behind the central 
column and near the floor level, serves to force up the ram when the 
hydraulic pressure is relieved. The pressure in the hydratdio cylinder 
may be applied either by means of a belt-driven, hydraulic, screw com- 
pressor, or by an accumulator, or, better still, by a hydraulic intensifier. 
In the latter case, the work is done by admitting water from a low- 
pressure supply main behind a large piston, which forces forward a small 
hydraulic plunger and produces an intense pressure in the fluid upon which 
the small plunger acts, from which it is in turn transmitted by a pipe to 
the straining ram of the testing machine. This arrangement has the 
advantage of allowing the load to be applied to the test-piece without 
shock, and at as quick or as slow a rate as may be desired. The regulation 
of the rate of application of the load is obtained by means of a throttle 
valve, through which water from the low-pressure supply main has to pass 
on its way to the large cylinder of the intensifier. 

An-angemenia for Different Teats. — This testing machine is arranged for 
compressive teats by admiting a test-piece 24 inches long ; for deflection 
tests, with a maximum length of 60 inches ; shearing, 1 J inch diameter ; 
torsion, for a load of 50,000 lbs. at 1 inch-moment, with a maximum length 
for observation of 10 inches, as well as for tension tests. 

For compression tests, the upper shackle is connected to a platform by 
means of four columns in the shape of a cross-beam. 

* See Proc. Inst. Mech. Engs., 1882, for paper on "A Single-Lever 
Testing Machine," by J. Hartley Wicksteed, of Leeds. 



TESTING MACHINE POH FULL-SIZED STRUCTURAL MEMBERS. 125 

This cross-beam hangs below the cross-head, which is pulled down by 
the hydraulic ram. It will be seen, that the arrangement is two stirrups 
linked with one another, but having one of them inverted, so that, when 
the two are acted upon, they pull against each other and cause a block of 
material, or test-piece placed between them, to be compressed. 

For tests in bending, the stirrup or beam which hangs by columns from 
the upper shackle is made between 4 and 5 feet long, and carries supports 
at its ends for the ends of the test-piece, while the cross-head presses down 
on the middle of the piece (see figure). In both instances, the force which 
is exerted is measured by means of the weigh-beam and travelling poise- 
weight, in the same way a,s shown for the tension tests. 

For torsion tests, the worm and worm-wheel shown in the figure at the 
top of the upright serve to twist the test-piece, one end of which is secured 
in the axle of the worm-wheel, while the other end is secured in a socket 
which projects from the side of the weigh-beam. The axis of the test-piece 
under torsion is in the same line as the knife-edge about which the beam 
is free to oscillate. 

Knife-edges in Testing Machines. — Each of the knife-edges in the weigh- 
beam of Buckton & Coy.'s testing machines is the edge of a square cut-bar 
of steel, and they are made long enough to prevent the load on them from 
exceeding 5 tons to the linear inch. 

Buckton & Co.'s 300-Ton Universal Testing Machine for 
Full-sized Structural Members.*— This machine is composed of three 
principal parts: — (1) The apparatus which applies the load to the test- 
piece, (2) the apparatus which measures the load, and (3) the frame or bed. 

There are two great advantages in the arrangement of this testing 
machine : — First, the bed is movable, instead of being fixed as in ordinary 
machines ; and, second, the weighing levers are placed at the same end as 
the stressing cylinder, and can be worked by one man. These levers are 
mounted upon this stationary cylinder, instead of being carried on the 
moving ram, as in the Werder machine. It is this combination, that gives 
the machine the facility which it possesses for testing such a great variety 
of sizes, and for subjecting full-sized members to compression or tension 
without the necessity of re-arranging the machine. 

Stressing Apparatus. — This consists of a cast-steel hydraulic cylinder, 
with a ram 26 inches in diameter, and a 7-foot stroke. It is actuated by a 
water supply of 1,700 lbs. per square inch from an accumulator system. 
The ram passes through a U leather gland, coated with a. sheath of 
electrically-deposited copper, to avoid the rusting to which steel rams are 
liable. The main ram pushes the movable bed of the machine, which 
slides on rollers. These rollers travel on planed and side-flanged cast-iron 
bed-plates which are bolted to the concrete foundations. The side flanges 
of the fixed bed-plates, guide and maintain the truly axial motion of the 
sliding bed. 

General Description of the Working of the Testing Machine (see Fig. 7). — 
When the hydraulic ram H R advances from its hydraulic cylinder H C, 
the sliding bed S B carries with it the moving crosshead Cj, which is 
locked to it by means of four square locking bolts contained and guided 

* This Universal Testing Machine was illustrated and described by Mr. 
J. H. Wioksteed, M.Inst. C.E., President of The Institution of Mechanical 
Engineers, before Section G of the 1904 Cambridge Meeting of the British 
Association, and printed in The Engineer of September 2nd. 1904, p. 236, 
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in the body of its crosahead. Parallel to the moving bed is a system of 
tie-rods T R, coupled near the cylinder H C by a cast-steel crosshead C^, 
and at the other end of the machine by the crosshead Cj. These tie-rods 
T R are connected, as shown, to two weighing levers Lj, Lj by the cross- 
head C4. 

PW 




Fig. 7. — Diagrammatic Line Drawing of Buckton & Co.'s 300-Toii 
Universal Testing Machine tor Full-sized Structural Members. 

( TAis sketch shows a test-piece T Pj in tension, and in dotted lines 
a test-piece TPj in compression, also a bending test at Q.) 

Equipment of the Machine for DiiTerent Kinds of Tests.*— 

Tension Test. — The test-piece TP, is held between the moving crosshead 
0] and the fixed or weighing crosshead Cj. Each crosshead is made with 
a spherical seat, in which a spherical block is free to adjust itself, and 
contains the clips actually holding the specimens to be tested. For round 
or flat bars, serrated wedge clips, fitted in two semi-cylindrical backings, 
are inserted in the spherical block. By this means, even bars of unequal 
thickness, such as an angle-iron-flange, can be held. For testing specimens 
with solid heads, holders are inserted into the spherical blocks, which 
carry suitable dies made in halves. Tests on chains are made by means of 
four links. Keys pass through slot-holea in these links and hold the 
chains. Flat ropes are tested by means of two large drums, and are 
gripped at their extremity by clips. These same drums also lend them- 
selves, by a slight modification, to testing round ropes. 

Compression Test. — A compression test is effected by using the opposite 
sides of the crossheads C^ and C^ to those which serve for tension 
tests. In Fig. 7, a compression test upon a short test-piece TPj is 
shown between the crosshead Cj and the end of the sliding bed S B, by 
means of compression plates 2 feet or 1 foot square respectively. To 
avoid any deviation of the crosshead Cj from an axial line (which the 



* This machine will test a strut 88 feet long by 3 feet 3 inches by 3 feet 
3 inches ; or a chain 78 feet long, 4J inches diameter, of iron ; or a beam 
3 feet 3 inches broad, 6 feet 8 inches deep, by 20 feet between the supports. 
It will also test in single shear a bar 8 inches wide by 2^ inches thick. 
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crushing of a heterogeneous specimen might induce), this croBshead is 
guided in either direction by rollers mounted upon wedges, and the whole 
contained in strong vertical brackets well tied together. Compression 
tests on long specimens are made between the crosshead Cx and the deflec- 
tion girder G-, or the crosshead C3, for the deflection beam G rests upon 
rollers and can be removed without difficulty. 

Deflection Teat. — For small specimens, this test can be carried out 
between the fixed crosshead C^ and the end crosshead Cg of the sliding 
bed ; to which are attached two small adjustable supports, as indicated by 
arrowheads. 

Shea/ring and Pvjnching Tests, — The punch and dies are inserted between 
the crosshead Cj and the end of the sliding bed at Cj. For shearing, there 
is attached to the crosshead Cj a box in which the test-piece to be sheared 
is inserted. The shear blade is guided by a roller insid!e the box, and by 
this means a simple shear is obtained exactly as in an ordinary shearing 
machine. 

Autographic Diagrams. — By attaching recorder wires to the orossheads, 
autographic records can be taken of all the above tests. 
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A Convenient Method of Obtaining and Regulating the 
Pressure and Flow of Water to the Ram of a Testfng Machine.* 
— The method adopted by Prof. Kennedy in working the testing machine 
at University College, London, is shown by Fig. 8. 

Here a is the delivery pipe to the testing machine ; & an ordinary force 
pump, with its lever c ; d an accumulator loaded to about IJ tons per 
square inch. The pump is worked by a Davey motor e, on the shaft of 
which an eccentric ,/' drives the free end of a double bar link j;. The inner 
end of this Unk swings on a lever h, which can be thrown in or out by a 
hand lever k. The stroke of the block driving the pump lever may be 
made to vary from zero to the full stroke of the eccentric, according to the 
position of the link. In this way, the stroke of the pump can be modified, 
or its action entirely stopped by the hand lever, witliout stopping the 
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Fig. 8. — Prof. Kennedy's Method op Working the Testing Machine. 

engine. A relief valve m is fitted in the pump itself. And, n is the 
delivery pipe from the pump, with two regulating valves p and q. The 
valves allow the pump to pump either (1), to the accumulator, or (2), to the 
ram direct, or (3), the pump and accumulator to work simultaneously on the 
ram, or (4), the accumulator alone to work on the ram. For the taking of 
stress-strain diagrams and other delicate test-work, it is found, that it is 
better to use the accumulator alone, its speed being regulated by throttling 
the water passing through both the valves p and q. For ordinary work, 

• In the new James Watt Laboratory at Glasgow University, an accumu- 
lator with removable weights is used in connection with the large Buckton 
& Co.'s horizontal testing machine. The force pump is driven by belting 
from shafting, and is automatically set to work or stopped by the accumu- 
lator in a similar way to that in the figure in Lecture II., Vol. IV 
"Hydraulics," " '' 
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where a large number of specimens are to be tested and speed is an object, 
then the pump and the accumulator are employed simultaneously. The 
accumulator is pumped up the distance it has fallen during the replacement 
of the broken test-piece. The accumulator load is divided into four parts, 
any or all of which can be used simultaneously, or shelved, according to 
the required load. 

The maximum of steadiness, as well as of convenience in working, will 
be found in some such system as that shown by Fig. S, although it may 
not be necessary to use an accumulator for ordinary works' testing. 

Proportions of Test-Bars and their Attachment in Tensile 

Tests.* — With test-pieces of any proportions it is possible to determine 
the elastic properties of a material, but the plastic and associated qualities 
can only be determined numerically by the use of test-pieces which are 
so formed that proper regard is given to the laws of the transmission of 
stress and of internal friction. The following proportions may prove 
useful for tensile tests: — (1) When possible, the test-pieces should be 
either of circular or square section. (2) The ends of the bar should be 
equal and symmetrically formed, and the scale on the material must 
be either removed entirely or maintained uninjured. (3) The centre- 
punch marks for measuring the extension should be from 1^ to twice the 
diameter or width of the test-piece from its shoulders. The length be- 
tween the centre-punch marks should be from ten to twelve times the 
diameter or width of test-piece, or, as previously stated, it is taken in 
some cases from 8 to 10 inches. (4) In the case of thin plates or sheets 
of a material of small extensibility, their width and length should be equal 
and about one or two hundred times the thickness of the plates. (5) for 
plates and sheets of material having great extensibility the width should 
be reduced to one-tenth of the length. 

For compression tests it is better to make the test-pieces of a right 
rectangular or circular cylindrical shape with no shoulders, and of a 
length equal to from two to two and a half times the diameter. 




Fig. 9.— Holder for Securing and Adjusting the Tbst-Pibce 
IN THE Machine. 

The method of holding a test-piece so fair, that the pull will be 
symmetrically distributed about the axis of the test-piece, and also that 
fracture may not occur at or near the grips due to any inequality in the 
stress, always presents some difficulty, more especially when the material 
IS of the rigid, non-plastic type. The test-piece is sometimes made with 
enlarged ends on which screw-threads are lathe-cut. Each end of the 

•See Proc Inst. G.E., vol. Ixxvi., Part ii., 1884, for paper on "The 
Adoption of Standard Forms of Test-Pieces for Bars and Plates, by 
William Hackney, B.So., Assoc.M.Inst.C.E. Vnd., vol. oxxvii., p. 400, 
for paper on " The Shape of Compression Test-Pieoes," by A. Martens. 
im., vol. oxviii., p. 395, for paper on " Forma of Tensile Teat-Piecea, by 
S. L. H. Appleby. 
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test-piece is then screwed into a nut. The seat of the nut is so shaped 
as to form part of a sphere, thus forming a ball-and-socket joint at each 
end of the test-piece. Or, the enlarged ends terminate in shoulders inside 
of which two half rings are placed to form a collar, and the half rings 
are spherical-curved where they form the bearing with the shackle. 

When testing plastic materials, such as the various kinds of wrought 
iron and mild steel, very little difficulty is experienced in obtaining 
a fair test of their ultimate strength, even with the very simplest 
appliances for holding the test-piece, because the plastic yielding which 
precedes the rupture of the material wipes out any inequality there 
may be in the distribution of the stress to begin with. Therefore, the 
trouble of screwing the ends of the test-piece or of forming shoulders may 
be dispensed with, and a much simpler method of attachment by wedge 
grips may be adopted. In this arrangement each end of the test-piece 
lies between two wedges of hard steel. The faces of these wedges 
where they press on the test-piece are rough, while the backs are made 
smooth and greased in order to make them slip easily along the tapered 
recess in the shackle. When the pull comes on the bar, the wedges are 
drawn along with it and press against the test-piece with sufficient 
force to cause the rough faces of the wedge to bite into the plastic 
surface of the test-piece and thus hold it securely. When testing 
flat plate strips the ends of the test-piece are out a little wider than the 
main body of the piece, thereby giving an enlarged surface for the wedge 
to act on. No enlargement of the ends is required with round or square 
test-pieces, because the wedges, instead of being made plain, have a groove 
with roughened sides, so that each end of the test-piece is gripped at four 
places around its circumference. The tapered hole in which the wedges 
are placed is made from two half rings which are separately free to turn 
round in the shackle, thus permitting of its adoption to cases where the 
opposite sides of the strip are not perfectly parallel. 





Fig. 10.— Prof. Keknbdy's SmaUj Tmtino Maohinb foe 
Tbansverse Tests. 

3. Transverse Tests. — Transverse and torsional tests usually require so 
much smaller loads than those used for tension and compression, that it 
is probably better to carry out the two former kinds of tests upon separate 
machines. Some arrangement for transverse tests is frequently fitted to 
large tensile testing machines, but Fig. 10 shows a simple, small, separate 
machine designed by Prof. Kennedy for laboratory transverse tests up to 
central loads of 4 tons and spans of 5 feet. It will be seen from the figure, 
that the load is applied by screw gearing to the centre of the span, and 
that its value is measured by a steelyard and poise- weight at one end. 



TBANSTERBE BAR TESTING MACHINE. 



131 




iiuir 



132 



LECTURE V. 



Transverse Bar Testing Machine. — Engineers and architects 
usually specify that oast-iron beams, pipes, columns, &c., shall be made of 
a certain brand of iron, and that standard specimens cast from the same 
ladle shall withstand certain deflections and bending stresses. It is, 
therefore, of great importance that cast-iron founders should possess a 
simple and reliable machine whereby such tests may be quickly and 
accurately made. 

The accompanying illustration shows one form of such a machine for 
testing the ordinary standard sizes of specimens of oast-iron bars — viz., 
2 inches x 1 inch, or 1 inch square, with centres 3 or 4 feet apart. After 
introducing the test-bar to the position shown by its supports on the sole 
plate of the machine, the hand-wheel is turned until the stress just makes 
the test-bar taut on the upper knife-edges of the supports. Then, the 
"deflection index" is set at zero. Turning the hand- wheel still further 
causes the right-hand end of the weigh-beam lever to rise. This action 
releases the small catch, fixed to the end of the lever, from the ratchet 
wheel, which allows a weight in the cataract cylinder placed in the right- 
hand end pillar to pull the travelling weight towards the right hand along 
the top of the graduated lever. Should the travelling weight and its 
index pointer arrive at the end of the lever before the specimen is broken, 
the travelling weight is brought back to zero and an additional weight is 
then added to the hanging rod, and the above process is repeated. When 
the bar breaks, an index, not shown on the figure, is connected to the 
machine when in use, which shows the maximum deflection of the test- 
piece to the third decimal place of an inch, whilst the stress in lbs. 
required to break the specimen is shown by the position of the index on 
the movable weight opposite the scale figure on the weigh-beam bar 
together with the weights on the vertical rod. 

4. Cross Bending, Folding, or Doubling Tests— Cold, Hot« or 
after Annealing. — The mechanical tests of the cast and of the annealed 
Bteels, illustrated above and below the photo-micrograph plate of Fig. 1 in 
this lecture, consisted of simple cross bending over a radius § inch in the 
case of the test-piece from the fresh casting, and of doubling after careful 
annealing over a rod f inch in diameter. 
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Pio. 12.— Ceoss Bending. Foi/Dino. DonBLiNO. 

Fig. 12 shows these three different tests. They may be carried out cold 
as the test-piece comes from the foundry or the forge ; or, after any 
amount of specified annealing, according to circumstances. 

In the following set of rules by the British Admiralty, and in the sug- 
gestions by the IVenoh Commission on Testing, we see such tests are 
applied. Sometimes, they produce a very severe stress in the material, 
and, if properly carried out and fulfilled, they are most certainly a surety 
that the metal possesses ductility, pliability, and tenacity. 
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Admiralty Rules for Testing Materials for Machinery.— 

1. Steel Gastmgs for Machinery. — Steel castiugs for the machinery steel 
are to satisfy the following conditions : — Tensile strength, not less ^j'^^" 
than 28 tons per square inSi, with an extension of 2 inches of length 
of at least 23 pei- cent. Bars of the same metal, 1 inch square, 
should be capable of bending cold, without fracture, over a radius 
not greater than If inches, through an angle depending on the 
uliimate tensile strength, this angle to be not less than 90° at 
28 tons ultimate strength, and not less than 60° at 35 tons ultimate 
strength, and in proportion for strengths between these limits. 
For intricate thin castings the extension in 2 inches of length is 
to be at least 10 per cent., and the bending angle is to be not less 
than 20° at 28 tons ultimate strength, and 15° at 35 tons ultimate 
strength, and in proportion for strengths between these limits. 
Test-pieces axe to be teiken from each casting. All steel c£istings 
are also to satisfactorily stand a falling test, the articles being 
dropped from a height of 12 feet (or as may be approved) on a hard 
macadamised road or a floor of equivalent hardness. 

It is to be distinctly understood that contractions or defects in 
steel castings are not to be made good by patching, burning, or by 
electric welding, without the sanction of the Admiralty overseers. 

2. Steel Forg%ngs for Machinery. — All steel forgings are to satisfy Steel 
the following conditions : — ^Ultimate tensile strength, not less than '""^"S* 
28 tons per square inch, with an extension in 2 inches of length of 

at least 30 per cent. Bars of the same metal, 1 inch square, should 
be capable of being bent cold, without fracture, through an angle 
of 180° over a radius not greater than J inch. Test-pieces are to be 
taken from each forging. Crank and propeller shafts are to have 
test-pieces taken from each end, and the ultimate tensile strength 
of the material of these shafts must not exceed 32 tons per square 
inch. 

For all important forgings, such as crank and propeller shafts, 
connecting- and piston-rods, the forgings are to be ^^ually and 
uniformly forged from solid ingots, from which at least 30 per cent, 
of the top end of the ingot has been removed before forging, and 
at least 3 per cent, of the total weight of the ingot from the bottom 
end after forging. The sectional area of the body of the finished 
forging is to be not more than i the original sectional area of the 
ingot. 

3. Cast Iron. — Test-pieces to be taken from such castings as may Cast 
be considered necessary by the inspecting officer. The minimum '""'■ 
tensile strength to be 9 tons per square inch, taken on a length of 
not less than 2 inches. The transverse breaking load for a bar 

1 inch square, loaded at the middle between supports 1 foot apart, 
is not to be less than 2,000 lbs. 

4. Oun-metoU, iJ'aval Brass, and White Metal. — The gun-metal Oompo- 
used for all castings throughout the whole of the work supplied by a^j^Sjs, 
the contractors is, unless otherwise specified, to contain not less andtesu 
than 8 per cent, of tin, and not more than 5 per cent, of zinc, the SjJS" 
remainder to be of approved quality copper. The exact proportion and 

of tin above 8 per cent, being arranged as may be required, de- g[^ 
pending on the vise for which the gun-metal is intended. The te. 
ultimate tensile strength of gun-metal is to be not less than 14 tons 
per square inch, with an extension in 2 inches of length of at least 
7J per cent. The composition of any naval brass used is to be : — 
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Copper, 62 per cent. ; zinc, 37 per cent. ; and tin, 1 per cent. All 
naval brass bars are to be cleaned and straightened. They are to 
bd capable of (1) being hammered hot to a fine point, (2) being bent 
cold through an angle of 75° over a radius equal to the diameter 
or thickness of the bars. The ultimate tensile strength of naval 
brass bars j inch diameter and under is not to be less than 26 tons 
per square inch, and for round bars above | inch diameter, and 
square bars not less than 22 tons per square inch, whether turned 
down in the middle or not. The extension in 2 or 4 inches of 
length is to be at least 10 per cent. Breaks within less than i inch 
of the grip are not to count. Cuttings from the propellers and 
other important gun-metal castings and naval brass work will be 
sent to Portsmouth dockyard for analysis. The white metal used 
for bearing surfaces is to contain at least 85 per cent, of tin, not 
less than 8 per cent, of antimony, and about 5 per cent, of copper ; 
zinc or lead should not be used. The brasses are to be carefully 
tinned before filling with white metal. 
Castings The gun-metal castings are to be perfectly sound, clean, and 
forgingB. ^''^^ from blowholes. The steel castings are required to be clean, 
sound, and to be out of twist, and as free as possible from blow- 
holes ; the steel forgings are required to be quite sound, clean, and 
free from all flaws. All castings and forgings must admit of being 
machined, planed, and bored to the required dimensions; and no 
piecing, patching, bushing, stopping, or lining, will be permitted, 
nor will any manufactures in which these conditions have been 
infringed be accepted. In cases of doubt as to the suitability of 
castings or other materials, for the purpose intended, early refer- 
ence should be made to the inspecting officer to avoid subsequent 
delay by the rejection of such parts after delivery. The whole of 
the steel plates, angles, and rivets used in the construction of any 
part of the work supplied is to be manufactured by the Siemens- 
Martin process. All castings are to be of steel or gun-metal, 
except where otherwise specified; and aU forgings, plates, bolts, 
&c., are to be of steel. No steel is to be toughened without 
sanction from the Admiralty. 
Copper. 5. Copper for Pipes. — Strips cut from the steam and other pipes, 
either longitudinally or transversely, are to have an ultimate tensile 
strength of not less than 13 tons per square inch when annealed 
in water, with an elongation in length of 2 inches or 4 inches 
of not less than 35 ajid 30 per cent, respectively. Such strips are 
Hammer also to stand bending through 180° cold until the two sides meet, 
'^ ■ and of hammering to a fine edge without cracking. 

6. Treatment of Mild Steel. — ^All plates and furnaces for boilers 

Scale to and steam pipes are to be treated as follows, with a view of remov- 

te re- ing the black oxide or scale formed during manufacture : — The plates 

"""^^ ■ and furnaces, previous to their being taken in hand for working, are 

to stand for not less than 8 hours in a liquid consisting of 19 parts 

of water and 1 of hydrochloric acid. The plates should be placed in 

the bath on edge, and not laid flat. When the plates and furnaces 

are removed from the dilute acid both the surfaces are to be well 

brushed and washed to remove any scale which may still adhere to 

them. They should then be placed in another similar bath filled 

and kept well supplied with fresh water, or be thoroughly washed 

with a hose, as may be found necessary. The plates on removal 

from the fresh water should be placed on edge to dry. This treat- 
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ment is to be carried out on the premisbs where the boilers and 
pipes are made. 

All plates or bars which can be bent cold are to be so treated ; Oold 
and if the whole length cannot be bent cold, heating is to be had •>™dmg, 
recourse to over as little length as possible. 

The front and end plates of the boilers, and also all other plates, Hy- 
including those for the combustion chambers are to be flanged hy ^^^^g 
hydraulic pressure, and in as few heats as possible. 

In cases where plates or bars have to be heated, the greatest care Danger- 
should be taken to prevent any work being done upon the material peJatara 
after it has fallen to the dangerous limit of temperature known as a to be 
"blue heat"— say from 600° to 400° Fahrenheit. Should this limit ""'d^i 
be reached during working, the plates or bars should be reheated. 

Plates or bars which have been worked while hot are to be subse- Anneal- 
quently annealed simultaneously over the whole of each plate or bar. "^^ 

In cases where any bar or plate shows signs of failure or fracture Failure 
in working it is to be rejected. Any doubtful cases are to be "'"''**'• 
referred to the Admiralty. 

French Methods of Testing Materials of Construction.*— 

Vol. I., in addition to the constitution of the commission, contains the 
reports of the two sections. That of Section A is divided into four parts 
as follows : — 

Part I. Physical tests : — (a) Microscopic and other examination of the 
exterior appearance and fractures, and tests by resonance ; (6) determina- 
tion of density and thermal and electrical conductivity ; (c) determination 
of the critical temperature and variations of conductivity with temper- 
ature ; (d) study of temper. 

Part 11. Chemical tests : — (a) Analysis ; (6) corrosion and means of 
protection. 

Part III. Mechanical tests : — (a) General remarks ; (6) on samples ; 
(c) the influence of heat ; {d) the influence of duration of test ; (e) testing 
machines ; (/) dimensions ; {g) mechanical terminology ; and {h) technical 
terminology. 

Part IV. Methods of mechanical testing : — (a) Gradually applied tests, 
tensile, compressive, bending, folding and doubling, torsional, shearing, 
and punching ; (b) tests by blows, bending, indentation, and perforation ; 
(c) study of hardness and brittleness ; {d) hot and cold working, ham- 
mering, &c. ; (e) special tests of wires, ropes, chains, rivets, pipes and 
tubes, and hydraulic pressure tests. 

The report of Section B, which deals only with cements, limes, and 
kindred materials, is divided into the following parts : — 

Part I. General considerations, choice of tests, normal tests, &c. 

Part II. Tests of cement, fineness, specific weight, apparent density, 
analysis, homogeneity, making of sample briquettes and mortars, setting, 
tensile, compressive, and bending tests ; stability, efficiency, porosity, 
permeability, solubility in sea water, and adhesiveness. 

Part III. Tests of hydraulic and fat limes. 

Part IV. Tests of puzzolanas, &c. Part V. Sand for use in mortar. 

Part VI. Plasters. Part VII. General conclusions. 

• The original report of the proceedings of the French Commission on 
"Methods of Testing Materials of Construction" will be found in the 
library of the Inst.O.M, dated Paris, 18a4. 
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Publications dealing with Engineering Tests and Materials. 

— The following is a list of publications which students should endeavour 
to study in connection with this subject : — 

See Engineering, vol. xi., January- June, 1871, for Wohler's apparatus 
for applying different kinds of stress to bars, with an abstract of his 
results. 

See Chain Cables and Chains, by Thomas W. Traill, M.Iust.C.E., 
&.C. , published by Crosby Lockwood & Co. 

SeeProc. Inst. Mech. Engs., 1886, for paper giving "Description of 
Tensile Tests of Iron and Steel Bars," by the late Mr. Peter D. Bennett, 
of Tipton. 

See Proc. Inst. C.E., vol. oxvii., 1894, for paper on "Testing Some 
Specimens of Malleable Cast Iron," by Andrew G. Ashcroft, Assoo.M.Inst. 
C.E. ; vol. cxxii., 1895, for abstract of paper on "The Resistance of 
Materials under Impact," by Mansfield Merriman ; vol. cxxix., 1897, for 
paper on "A New Indentation Test for Determining the Hardness of 
Metals," by William Cawthome Unwin, B.Sc, F.E..S., M.Inst.C.B.; 
vol. cxxxiv., 1898, for paper on " Testing the Strength of Materials," by 
A. H. Jameson, M.Sc, Stud. Inst. C.E. ; vol. cxxxv., 1899, for paper, 
"Note on the Endurance of Steel Bars Subjected to Repetitions of 
Tensional Tests, by E. G. Coker, B.A., B.Sc. ; vol. clviii., 1904, for paper 
on " Axle- Loads on Railway Bridges," by John Graham, M.Inat.C.E. ; 
ibid., paper on "Maximum Bending Moment in a Girder under a Moving 
Group of Loads," by Evelyn H. Young, Assoc. M.Inst. C.E.; ibid., paper 
on "Moving Loads on Railway Under-Bridges," by W. E. Lilly, M.A. ; 
ibid. , paper on " The Relation of the Constants of the Elongation Equation 
to Contraction of Area," by Prof. Elliott. 

See The Mngineering Review, September, 1904, for an article on "The 
Fatigue of Metals," by Arthur N. Kemp. 

See Phil. Trans, of the Boy. Soc. of London, vol. 199, November, 1902, 
Series A, p. 265, for paper on " A Throw-Testing Machine for Reversals 
of Mean Stress," by Profs. Osborne Reynolds, P.R.S., and J. H. Smith, 
M.Sc, Wh.So., &o. 

See Proc. Inst. Mech. Engs., December 16, or Engineering, December 23, 
1904, for paper on " Heat Treatment Experiments with Chrome- Vanadium 
Steel," by Captain H. R. Sankey and Mr. J. K. Smith. 

PUBIilCATIONS OF THB ENGINEEBING STANDARDS COMMITTEE. 

Properties of British Standard Sections, containing the Areas, Weights, 
Moments of Inertia, and other Properties of British Standard Rolled 
Sections, including Diagrams, Definitions, and Formulae. Cloth, 58. net, 
post free 5s. 3d. 

British Standard Specification for Tubular Tramway Poles. 53. net, 
post free Ss. 2d. 

British Standard Specification and Sections for Bull-Headed Railway 
Rails. IDs. 6d. net, post free 10s. 8d. 

Properties of Standard Beams. Fcap. folio. Is. net, post free Is. Id. 

British Standard Tramway Rails and Fishplates : Sections and Specifica- 
tion. Fcap. folio, 21s. net, post free 21s. 3d. 

Infltxnce of Gauge Length and Section of Test-Bar on the Percentage 
of Elongation, by Professor W. C. Unwin, F.R.S. Fcap. folio, 2s. 6d. net, 
post free 2s. 7d. 

Published by Crosby Lockwood & Son, 7 Stationers' Hall Court, Ludgate Hill, London, 
E.G., and can also be obtained at the Offices ot the Committee, 28 Victoria Street, 
London, S.W. 
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Lkcturb v.— Questions. 

I. State a few of the chief cases in the history of testing machines. 

2. What are the advantages to be derived by young engineers from a 
laboratory course on the testing the strength and elasticity of materials, 
and why ? 

3. Why is it advisable to obtain not only accurate mechanical tests, but 
also chemical analysis and photo-micrographs of specimens of the materials 
to be used before designing an engineering structure and during their 
manufacture ? 

4. State the different mechanical tests which you could apply to, say, 
steel bars or plates. Explain by aid of an example why impact tests 
are important. 

5. Suppose that you were called upon to investigate the case of a broken 
connecting-rod from a high-speed reciprocating engine, state the different 
things and information you would require before drawing up your report. 

6. Sketch and describe Prof. Barr's wire-testing machine, state how you 
would use it and what information you would get from your results. 

7. Give free-hand line diagram sketches of three leading types of testing 
machines. 

8., Sketch and describe a good 30- or 50-ton single-lever vertical testing 
machine. State how it works and how you would obtain reliable results 
from it. 

9. Give a line diagram of a 300-ton universal testing machine, and state 
how it works for tension, compression, and bending stresses. 

10. Sketch and explain any convenient method of obtaining and regulat- 
ing the pressure and flow of water to the ram of a testing machine. 

II. In making tensile tests of bars and plates what proportions would 
you adopt, and why? Sketch and describe a suitable holder for round 
test-pieces. When testing round or square bars of wrought iron or mild 
steel how would you shape and grip them ? 

12. What is the simplest form of machine that you know for carrying 
out simple cross-bending or transverse tests ? 

13. Sketch and describe the construction and action of an accurate 
transverse bar testing machine for measuring the deflections and bending 
stresses obtained with standard sized specimens of cast iron. 

14. Explain, by aid of sketches, how you would carry out cross bending, 
folding, and doubling tests upon a steel bar or copper plate. Give 
instances where one or more of these tests are required by the Admiralty 
or the French Government, and mention the circumstances attending a 
proper fulfilment of the test. 

N.B. — See Appendices B and Ofor other questions and answers. 
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Lecture V. — A.M.Inst.C.E. Exam. Questions. 

1. Describe the method of conducting a tension test of a bar of mild 
steel. State what precautions should be taken in preparing the test bar 
and what measurements should be made. (I.C.E., Oct., 1897.) 

2. Describe and sketch one form of testing machine. State any special 
conditions you would require in such a machine for testing to 50 tons 
load. State how or to what extent its accuracy can be ascertained by 
trial. {I.C.B., Oct., 1897.) 

3. Describe the methods of holding tension specimens, and mention any 
special advantages or defects of any of these. (I.C.E., Oct., 1897.) 

4. Give a specification of tests of mild steel bars and plates for bridge- 
work. (I. C.E., Oc«., 1897.) 

5. Having ascertained that a certain mixture of cast iron possesses an 
ultimate tensile strength of 9 tons per square inch, calculate the breaking 
weight of a standard oar 2 inches by 1 inch, placed upon supports 3 feet 
apart and loaded in the middle. In using for this purpose the ordinary 
theory of transverse flexure, add any comments that you may think 
necessary in regard to the result so obtained. (I.C.E., Feb., 1899.) 

6. Mention some practical tests by which we can estimate or measure 
the ductility of metals, and some of the reasons which make it important 
to obtain a test of this property. (I.C.E., Feb., 1901.) 

7. Describe with the help of sketches the general arrangement of 
any testing machine you are familiar with, suitable for tensile and 
compressive tests. Explain how the machine may be tested for accuracy. 
(I.C.E., Oct., 1901.) 

8. Explain how a cube of cast iron can be tested to destruction by com- 
pression in a testing machine ; how is it likely to fracture ? Give your 
reasons. (I.C.E., Oct., 1902.) 

V.B, — See Appendices B and Cfor other qiiestions and answers. 
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LECTURE VI. 

STRENGTH AND ELASTICITY OF MATERIALS. 
TESTING AND TESTING MACHINES. 

Contents. — Shearing, Planing, Boring, Punching, Drifting, and Riveting, 
Hammering to a Point or Edge — Fatigue of Metals — Historical Notes 
— Wohler's Testing Machines, with an Example — General and Par- 
ticular Deductions from Wohler's Experiments — Gerber's Formulae- 
Elastic Limits — Heating due to Stress — Rest and Heating Relieve 
Stress — Microscopic Examination of the Inter-Molecular Crystalline 
Action in Metals due to Fatigue — Prof. Ewing's Conclusions — Prof. 
Reynolds and Dr. J. H. Smith's Methoa of Testing Metals by Tensile 
and Compressive Reversals of the Mean Stress — Determination of 
the Tensile, Compressive, and Range of the Reversal Stresses, with 
Formulae and Results on Mild Steels — Impact Tests — Seaton and 
Jude's Impact Testing Machine — Advantages of the Impact Test 
— Cumulative Effects of Small and Medium Shocks — Effect of 
Allowing a, Factor of Safety for both Fatigue and for Impact — Drop 
or Falling Tests — Torsional Tests — Torsion of Rods and Wires — 
Hardness, Temper and Brittleness Tests — Methods of Determining 
the Hardness of a Metal — ^Workshop Test — Calvert and Johnson's 
Test for Alloys — ^Prof. Unwin's Test— Comparison between Unwin's 
Indentation Test and the Scratch Method — Questions. 

5. Shearing, Planing, Boring, Punching, Drifting, and Rivet- 
ing, Hammering to a Point or Edge.— If this had been a lecture 
upon these headings in the sense of "Workshop Appliances and Methods," 
then many well-illustrated and instructive pages might be written about 
them. But here, in this instance, the attention of the student has simply 
to be drawn to the fact, that under certain circumstances, and in certain 
specifications, one or more of these methods are used as tests for iron, 
steel, and certain other metals, in addition to one or more of the special 
tests detailed in the previous, this, and the following lectures. 

When Mr. H. E. Yarrow, of the well-known torpedo-boat building 
firm at Poplar, London, delivered his address to the Junior Institution of 
Engineers on December 2nd, 1904,* he pointed out, that one of the most 
important considerations in the design of torpedo vessels was, how to realise 
(as far as possible) the maximum of strength with the minimum of weight, 
BO that their hulls might have tmiform elasticity throughout their length. 
The importance of realising this fact will be understood when it is remem- 
bered, that in a rough sea such vessels are subjected to severe bending 

* See Proc. Inst. Jr. SJngs. iav 1905. Students should endeavour to get 
a copy of this paper, or of the abstracts thereof contained in the engiueei- 
ing papers — e.g.. The Engineering Times for December 15, 1904. 
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His laborious and moat valuable researches into the "Fatigue of Wrought 
Iron and Steel " are published in Zeitsclirift filr Bauwesen, Berlin. A 
very full abstract of his report, with figures of the different machines 
designed and used by him, appeared in Engineermg, vol. ix., 1871. A 
shorter article by Arthur N. Kemp on the " Fatigue of Hetals " appeared 
in the September number of the Engineermg Bevievi for 1904, wherein 
some of Wiihler's machines and experiments are given, as well as results 
by other engineers. 

In 1873, Caunhardt's experiments are given in Zeitschrift des Architeclen 
und Ingenieur- Vereins, Hanover. 

In 1874, Spangenberg repeated Wohler's experiments with the very 
machines devised by the latter, and obtained similar results, which are 
also published in Zeitschrift fur Bamvesen. 

In 1874, Gerber published in Zeitschmft fur Bcmhunde, Munchen, a 
formula representing the best results of Wohler's experiments. It is 
certainly simpler and easier of application than Launhardt's or Weyranch's 
formulae, and^ is the same or similar to that used by Prof. Unwin (see a 
following page). 

In 1879, Lippold published his views in Organ fUr die Fortachritte des 
Mseribahnwesens, Wiesbaden. 

In 1881, Prof. Mohr wrote on this subject iio Der Oivillngemew, Leipzig. 

In 1886, Sir Benjamin Baker, M.Inst.C.E., read a paper before the 
American Society of Mechanical Engineers on the results of his experiments 
upon iron and steel, which were obtained by using a similar rotating 
machine to one of those designed and used by Wohler. Here, a horizontal 
spindle rotated 50 to 60 times a minute, having chucks beyond its two 
midbearings gripping test bars, whose further or outer extremities were 
hooked on to vertical tension springs. Hence, during each revolution, 
each test-piece was subjected by its spring to alternate tension and com- 
pression. In one case these were repeated over 14 x 10' times before frac- 
ture of the test-piece occurred. 

In 1886, Bauschinger published in Mittheilungen aus dem Mech. 
Teehn. Lahoraiorium in Munchen his important communication on the 
" Variation of the Elastic Limits of Materials." 

In 1899, Prof. J. A. Ewing, F.R.S., and Walter Rosenhain, in their 
Bakerian lectures on the " Crystalline Structure of Metals," and again in 
the Philosophical Transactions of the Boyal Society (see Series A, vols. 
193 and 195), give some interesting and useful information bearing upon 
this subject. 

In 1902, Prof. Osborne Reynolds, F.R.S., and Dr. J. H. Smith, M.Sc, 
read their paper on a "Throw-testing Machine for Reversals of Mean 
Stress " before the Royal Society (see Series A, vol. 199 of Phil. Trans. 
Roy. Soc). I am indebted to the kind permission of Dr. J. H. Smith for 
leave to make abstracts of this paper. 

In 1903, Prof. Ewing and J. C. W. Humphrey read a paper before the 
Royal Society, and gave the results of their recent investigations into the 
" !^acture of Metals under repeated Alternations of Stress." 

The more important conclusions arrived at by some of the above-men- 
tioned experimenters will now be referred to, but as each of these com- 
munications are long and important, students are advised to try and also 
study the original papers or abstracts of them which may be found in 
leading engineering journals about the above dates. 
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WeWer's Testing Machines, with an Example.— By means of 

ingeniously contrived machines, he submitted test-pieces to — (1) Direct 
pull, alternated with complete or partial relaxation from the pull. (2) 
Repeated bending in one direction. (3) Bending in opposite directions. 
(4) Twisting the test-piece towards one side '' ^^j only ; and, (5) towards 
opposite sides -^ "^ 

Unfortunately, W6hler's experiments, although extensive, were not 
carried out on a sufficient variety of materials to be of universal use since 
bis experiments were restricted to iron and steel. Hence, the results of his 
tests cannot be generalised, as it is unsafe to assume, that the behaviour 
of ametal will be the same under different kinds of stress. Therefore, to 
make experiments of one kind of test and deduce values for others is not 
feasible, and his results must be used only for the same materials as those 
tested by him. He found, that wrought iron, having an ultimate tensile 
strength of 19'5 tons per square inch, would stand an indefinite number 
of alternations of stress, provided the limits did not exceed the fol- 
lowing : — 



Kind of Stress. 


Stress In Tons per 
Square Inch. 


Alternating load, or from a pull to a push. 

Load varying between zero and maximum, or from "1 

a certain pull to no stress, j 

Load varying between limits, or from a certain pull \ 

to a less pull, / 


+ 7 to - 7 
+ 13 „ 

+ 19 „ +104 



From these results it appears, that the relative values of the maximum 
loads for iron under these three conditions are approximately 1:2:3. 
Moreover, he found similar results in the case of certain specimens of 
Bteel. 

General and Partieular Deductions from Wohlep's Experi- 
ments. — (1) That wrought iron and steel are ruptured by stresses much 
bdow their statical breaking stress, if such stress be repeated a sufficient 
number of times. 

(2) That within certain limits the range of stress, and not the maximum 
stress, determines the number of reversals for rupture. 

(3) That as the range of stress is diminished, the number of repetitions 
for rupture increases. 

(4) That there is a limiting range of stress for which the number of 
repetitions of stress for rupture becomes infinite. 

(5) That this limiting range of stress diminishes as the maximum stress 
increases, which was clearly indicated by the results under the previous 
heading. 

GerbeF'S Formula. — As previously mentioned in the historical notes, 
Gerber founded a formula upon WShler's experiments. He did so by 
simply plotting the ranges of stress as ordinates and the corresponding 
minimum stresses as abscisste, when he found, that their points of inter- 
section, if joined, formed a, parabola. Consequently, the formula to fit in 
with this curve is known as — 
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Gerbbb's Parabolic Equation. 
/(max.) = i A + JiP-c^f). 

Where ^(max. ) = the maximum stress, 

,, /(min. ) = the minimum stress, 
„ /= the statical breaking stress, 

„ A = the range of stress =/(max.) +/(min.), 

And c = a constant. 

For a statical load, A = 0, and /(max.) =/. 
For a load varying between and a maximum — 

A ^/(max. ). 
And approx., when c = 1'5, th6Q/(max. ) = f/. 
For an /^^ load varying between/ {max.) + and /(min.) — 

A = 2/(max.). 
And, when c = 1'5, then /(max.) = J/. 

Hence, the relative values of the above maximum loads, which are— 





Alternating 


Variable 


Statical, 


Areas, 


i 


5- 


h 


Or as, 


1 


2 


3. 



just as Wohler found them to be, by his testing machines, for the wrought 
iron referred to in a previous paragraph. Of course, the constant c has 
various values for different materials, and, whilst it may be about 1 '5 for a 
certain kind of wrought iron, it will rise as high as 2*5 for the finest 
spring steel. 

Example I. — Two steel bars, having a static breaking load of 28 tons 
per square inch, are stressed in tension, the one from 4 to 5 tons per 
square inch and the other from 1 to 5 tons per square inch. Find the 
breaking strengths for the respective methods of loading. 

The stress variation must first be put in terms of maximum static atreas, 
and this again in terms of the new breaking stress/(maz.), thus : — 

Highest stress - lowest stress ., 

A = — =:-t: — 7—7 X /(max.). 

Highest stress ■' ' ' 

In the first case, where the ultimate static stress = 30 tons per sq. ineh, 
A = -^/(max.) = g/(max.). 
Now, taking Gerber's formula and substituting the values for the symbols. 

Where / = Original breaking stress in tons per square inch = 28. 

„ A = Stress variation in terms of /(max. ) in tons per sq. inch. 

, , c = A constant deduced from experiments = 2 for hard steel. 

„ /(max.) = The new max. breaking stress in tons per sq. inch. 

We get, /(max.) = | + V(/'>-eA/) 



2 



„ = ^/(max.) + J(28)»-(2xi/(max.) x 28^. 
^/(m»i.) = V784-ll-2/(m«x.). 
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Simplifying, squaring, and solving this quadratic equation, we find — 

For First Case— 

/(max.) = 22*5 tons per square inch. 

In the second case, where the ultimate static stress = 28 tons per sq. inch, 

5-1 , 4 

A = -g-/(raax.) = g/(max.). 

Therefore, substituting the values in the formula, we obtain — 

/(max.) = I + ^(r-cAf) 

» =|/(max.) + ^(28)2- (2 x ^/(max.) x 28 j. 

I /(max.) = V784-44-8/(max.). 

Simplifying, sqi^aring, and solving the quadratic as in the first case, 
we find — 
For Second Case — 

/(max.) = 14"6 tons per square inch. 

Elastic Limits. — Bausohinger showed, in his 1886 paper, that when 
the elastic limit in tension is raised, the elastic limit in compression is 
lowered. Also, that by subjecting a material to a few alternations of 
equal stresses, the elastic limits tend towards fixed positions, which posi- 
tions he called the natural elastic limits. Further, he explained the results 
which he obtained, when subjecting a metal to repeated stresses, by showing 
that the limiting range of stress coincided with the difference of the two 
elastic limits. 

Heating due to Stress.— All have noticed, that when bars of metal 
are subjected to varying stresses they become heated due to the work 
done upon them. Hence, perfect elasticity does not exist in such 
materials. 

Rest and Heating Relieve the Molecular Stress.— It has been 
noticed, that when a metal has been fatigued, due to varying stresses, 
a period of rest or of annealing will apparently restore its elasticity. 
Profs. Ewing and Muir of Cambridge are reported to have found, that 
u few minutes' immersion of a fatigued bar in hot water effects such 
a, recovery; thus showing, that high temperatures are not necessary 
under certain conditions for annealing or for recuperation. But any old 
hard-bristled shaver could have told them these things, since from time 
immemorial it has been customary for them to put their razors into hot 
water before action ; and, further, to keep two or three of these useful 
tools within their cases, in order to give them alternate rests of a week 
or so at a time, which they said made them cut better ! 

Microscopic Examination of the Inter-Molecular Crystalline 
Action in Metals due to Fatigue.— Prof. Ewing and Mr. J. c. v\'. 

Humphrey,* in some recent experiments, applied the microscope to watch 
the process by which iron breaks down and becomes fatigued under 
repeated reversals of stress. The tests which they carried out were on 

• See Proc. Roy. Soc, 1903, paper on "The Fracture of Metals under 
repeated Alternations of Stress," by Prof. Ewing and J. C. W. Humphrey. 
2 10 
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Swedish iron of hiah quality, having a statical breaking strength of 23-6 
tons per square inch on the original area, an extension of 26 per cent, in 
a length of 8 inches, and a contraction of 61 per cent, in the area. 

The test-bars were in the form of rectangular rods measuring '3 inch by 
"1 inch, and were first prepared by annealing in a muffle furnace, being 
enclosed in a tube of lime, and the whole kept at a dull-red heat for two 
hours. One face of each rod was polished and etched prior to its being 
subjected to alternating stress actions, so that under teat the polished 
surface was alternately stretched and compressed. The machine used was 
similar in form to that of Wohler's, and ran at 400 revs, per minute. 

Prof. Ewing'S Conclusions. — "Whatever the selective action of the 
stress is due to, the experiments demonstrate, that in repeated reversals 
of stress certain crystals are attacked and yield by slipping, as in other 
cases of non-elastic strain. Then, as the reversals proceed, the surfaces 
upon which slipping has occurred continue to be surfaces of weakness. 
The parts of the crystal lying on the two sides of each surface continue to 
slide back and forward over one another. The effect of this repeated 
sliding or grinding is seen at the polished surface of the specimen by the 
production of a burr or rough and jagged irregular edge, broadening the 
slip band and suggesting the accumulation of debris. Within the crystal 
this repeated grinding tends to destroy the cohesion of the metal across 
the surface of slip, and in certain cases this develops into a crack. Once 
a crack is formed it quickly grows in a well-known manner, by tearing at 
the edges, in consequence of the concentration of stress which results from 
lack of continuity." 

"The experiments throw light on the known fact, that fracture by 
repeated reversals or alternations of stress resembles fracture resulting 
from a 'creeping' flaw in its abruptness, and in the absence of local 
drawing out or other deformation of shape." 

The formation of cracks does not appear to be so serious in the case of 
unidirectional stress, as in the case of alternating stress, there being some 
especial weakness induced by reason of the alternations. It is a curious 
fact, that a piece of material after being fatigued by varying stress actions 
and which has nearly arrived at its limit of endurance, does not appear to 
show any marked deterioration either in tensile strength or in its plastic 
properties when tested by the static method. Prof. Ewing says this is 
not to be expected, so long as the reversals have not been sufficient to 
produce a crack, but it will have a yield-poirU corresponding to the amount 
of permanent extension it has received. 

7. Fatiffue of Metals {Continued).— Prof. Osborne Reynolds' 
and Dr. J. H. Smith's Method of Testing Metals by Tensile 
and Compressive Reversals of the Mean Stress.*— In the year 
1899, Prof. Reynolds suggested a novel method of testing the "Fatigue of 
Metals," and gave a general idea of the design of the apparatus and means 
by which the experiments should be carried out to Mr. J. H. Smith, the 
1851 Exhibition Scholar, at his Whitworth Laboratory, Owens College, 
Manchester. The credit for the details of the design, calculations, and 
execution of the work has been honourably given by the former to the 
latter engineer in their joint paper on a "Throw Testing Machine for 

* See Vol. 199, Philosophical Transactions of the RoyaZ Society of London, 
Series A, November, 1902; also, T. E. Stanton and Leonard Bairstow's 
paper on "The Resistance of Iron and Steel to Reversals of Direct Stress," 
in the Proc. Inst. G.E. (Paper 3,630), Session 190.5-1906. 
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Reversals of Mean Stress," as read before the Royal Society on March 20, 
1902. This arduous research occupied about two years, and the author is 
indebted to Dr. Smith for his kind permission to reproduce in this book a 
concise outline of the objects, methods, and results whereby the under- 
taking was achieved. 

Objects of the Reaea/rch. — " (1) The stress should be direct tension and 
compression, and (2) of approximately equal amounts, such tension and 
compression being obtained by means of the inertia force of an oscillatory 
weight ; (3) the rapidity of repetitions should be much higher than in the 
experiments of Wohler, Spangen- 
berg, Bausohinger, and Baker; in 
fact, ranging as high as 2,000 
reversals per minute." 

Hitherto most of the experiments 
on "repeated stress" had been car- 
ried out on bars subjected to 
bending, where the ordinary formula 
for stress in a bent bar was used to 
calculate the stress at breaking. In 
such experiments, it had been as- 
sumed, that the distribution of the 
stress at the breaking-down point 
was the same as for an elastic bar. 
But, no such assumptions are neces- 
sary with this method. Further, 
the tensile and compressive stresses 
being nearly of the same value, the 
elastic limits would soon be changed 
to their natural positions, and the 
" range of stress " for unlimited 
reversals would be this natural elas- 
tic range. If the limiting range 
coincided with the natural range, 
it would be constant whatever the 
rate of the reversals. Most of the 
experiments were conducted to find 
out the variation of the limiting range 
of stress as the rapidity of the re- 
versals increased ; but the import- 
ance of extending the experiments 
to very high speeds was fully 
recognised, in view of the tendency 
of engineers to adopt fast - speed Fig. 13. — Throw Testing Machine 
reciprocating engines, tools, and fok Revebsals oe Mean Stress. 
machinery. 

The Appaxvaus and the Method oj Applying the Stresses. — The line 
diagram (Fig. 13) merely indicates the more important parts as far as this 
concise description is concerned, but it will be understood from it, that the 
test specimens consisted of round short rods of small diameter. These rods 
were about 3J" over all, with screwed ends of |" diameter by IJ" long, 
turned down in their middle part to J" diameter by i" long, and then 
filleted out to short collars the size of the bottom of the threads of their f" 
screwed ends, in a similar way to the test-pieces shown by Fig. 9, but 
much shorter in the body. The ends of each specimen were screwed home 
into the top and bottom chucks, or upper and lower spindles, and made 



CHDOK. V 



TEST I SPECIMEN. 



CHDOK. A 



] 



[« 



148 I,BCTURB VI. 

fast by look-nuts. Upon the lower spindle there were suspended any 
desired number of flat round disc weights ; whilst the top end of the ujyper 
spindle was attached to a crank of 4 radius or "throw" by a oonneoting- 
rod 12" in length, and the whole truly arranged for vertical reciprocation 
by the three guide bushes, as shown by Fig. 13. The overhanging crank- 
pin was turned out of the solid from one end of its crank-shaft. This shaft 
was very strong and rigid, being supported by two bearings. It was 
uniformly rotated by a rope and coned pulley drive, the pulley being fixed 
to the back end of the crank -shaft, which extended beyond the after bearing. 
The periodic, vertical, up-and-down motions of the two spindles (between 
which the test-piece is fixed) are approximately simple harmonic motions, 

due to the length of the connecting-rod being that of 24 cranks ( -7^7, ), and 

with good lubrication of the guide bearings, the friction was reduced to a 
minimum. The weight attached to the lower spindle plus the weight of 
the latter produced, by their inertia, a tension stress at the bottom end and 
a compression stress at the top end of the stroke. For a fixed load and speed, 
the stress per square inch of cross-section on test-pieces was varied by in- 
serting specimens of difierent diameters ; or, the load or the revolutions per 
minute of the crank could be varied at pleasure to produce different stresses. 

Uniform Torque, Total Energy, and Baiwncing of the Moving PaHs. — In 
order to enable the calculations of the stresses in the specimens to be 
correctly determined, the axis of the crank-shaft must be at rest, whilst 
the crank revolves with uniform angular velocity. This was effected by 
driving the crank -shaft with a constant turning effort or "torque," 
making the total kinetic energy of the moving parts constant for each 
experiment, and by good all-round balancing of these parts. 

The total energy of the moving parts was rendered invariable by first 
attaching a second horizontal connecting-rod to a lug-pin on the large 
crank -head of the vertical connecting-rod, at the level line of the crank- 
shaft centre. This second connecting-rod was equal in length to 18 cranks, 
and gave a reciprocating horizontal motion to adjustable sliding weights 
(not shown in Fig. 13). Since the vertical and the horizontal weights each 
received their motions from the same crank-pin, the velocity of the one 
varied as the sine and the other as the cosine of the angular displacement 
of the crank. 

Hence, the sum of the squares of their velocities were constants, since 
sin^ a -f cos'^ a = 1. Consequently, the total kinetic energy of the parts were 
rendered constant when the total weight moving in a horizontal direction 
was made equal to that moving in a vertical direction. Second, by a rigid 
system of balancing the rotating parts, the whole of the moving parts of 
the machine were dynamically adjusted. 

Determination of the Tensile, Compressive, and Range of 
the Reversal Stresses, with Formulse and Results on Mild 
steels. — Referring back to Lecture XII. , Vol. I. , we see, on pp. 314 to 316, 
the formulse and figure connecting centrifugal force with the weight and 
acceleration of a particle moving uniformly in a circle. In the figure 
(p. 315) alluded to, PA represents the connecting-rod at the top of the 
stroke. Here r/l vanishes, and we are left solely with the upward momentum 
of the vertical weight minus the dead weight, thus causing compression. 

Now, when the crank moves round clockwise to its lowest position, rjl 
also vanishes, and we are again left with the downward momentum of the 
weight phis the dead weight, causing a tension stress. 

Again, during the time that the crank arm moves clockwise at a uniform 
angular velocity from its highest to a horizontal position, the vertical 
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weight moves downwards, from zero velocity to a maximum velocity, with 
a certain acceleration. Hence, the rale of change of its momentum is equal 
to the product cf its mass (W-i- g) and its acceleration during that time ; or, 
the force of the moving weight on the specimen is equal to its mass x its 
acceleration + its dead weight. 

Let r = Radius of crank in feet. 

I = Length of connecting-rod in feet. 
W = Weight of the moving mass in lbs. 

V = Velocity of mass in feet per second. 

ai = Angular velocity in radians per second. 
N = Revolutions per minute. 

n = Revolutions per second = N -j- 60. 

g = Acceleration due to gravity. 

A = Area of the cross-section of specimen in square inches. 
Fo = Force or stress due to compression in lbs. 
Ft = Force due to tension in lbs. 

In the "Throw Testing Machine," let the ratio of the crank radius r to 
the length of the connecting-rod / be taken into account, and let us note 



that the acceleration of the moving weight = — , whilst its mass is 

ll2 W 



Then, the^orce of Compres8ion\ 
per sq. in. on the specimen/ ' 

Or, II i> 



I.e., 



Fc = 



\g r g r IJA 



W 

-T- lbs. 
A 



Fo = ,~ I V - ~A- Ids., 

\ gr grl /A A 

.„ Wa.V/, r\ W,, 



In the same way and from the previous reasoning, we obtain the formula 
for the tensile stress per square inch on the test-piece when the weight 
arrives at its lowest position. 

Thus, the Force of Tension) „ _ Ww^r^ r\ W 
per sq. in. on the specimen / = 'i- gj^ \ ij A 

And the Range of Stress is equal to the sum of these two stresses. 

2W(ifir 

Or, The Sange of Stress = Fo -t- Fj. = r — lbs. per square inch. 

9 A 

Results on Mild Steel. — In order to apply this formula to one or more of 
Dr. Smith's results, we here quote two of them : — 

Oscillatory weight, 12'42 lbs. Diameter of specimen, '2469 inch. 



Set a. 
Mud SiBBi. 


Revolutions 

per 

Minute. 


Maximum or 

Tensile 

Stress per 

Sq. Inch. 


Minimum or 

Compression 

Stress per 

Sq. Inch. 


Bange of 
Stress per 
Sq. Inch. 


Number of 
Reversals 

before 
Kupture. 


Annealed, . . 


2,126 


7-99 tons 


7-11 tons 


15-1 tons 


248,700 


Unannealed, . 


2,122 


8-03 tons 


7-17 tons 


15-2 tons 


226,500 
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Now, applying the previous formula for range of stress to the first 
specimen, we get — 

J?o + Ft = — 1, „ „.-, tons per square inch. 

^A X 2,240 

Here, W= 12-42 lbs.; «»= (1'^nf= f^^)'; N = 2,126 j 
feet; jr = 32-18 ; 



-m 



A = J t«2 _ Z^ ( .2469)'-' = -04788 square inch ; 

2,240 = lbs. per ton. 
_ r. . -^ 2x12-42 /'2TrV -5067 N^f tons pet 

Hence, Fo + Ft = g^.^g ^ .,^2^0 (, 60 j '^ ^12" '^ A 1 sq. in^h. 

Or, Range of stress = 1 -595 x 10 ~ ' x -r- tons per square inch. 

That is, Range of stress = (1-595 x 10-') ^^7^ 

„ ,, ,, = 15-08 tons per square inch. 

This answer corresponds with the value given in the previous table. 

Prof. Reynolds, in his preface to the previously-mentioned joint Royal 
Society paper, says, that Dr. Smith's experiments had brought out evidence 
of two general laws which had hitherto been unsuspected, viz. : — 

(1) That under a given range of stress the number of reversals before 
rupture diminishea as the frequency increases. 

(2) That the hwrd steels will not sustain more reversals with the same 
range of stress than the mild steels when frequency of the reversals is great. 

This later statement is borne out by the results given in the previous 
table, and some of Dr. Smith's other tables show signs of the first law, and 
he suggests that the explanation of the results will probably be traced to 
the hysteresis effect — i.e., to an accumulation of the lag which occurs in the 
elastic range. * 

8. Impact Tests. — In addition to what was said in the previous 
lecture under the heading " Different Mechanical Tests," and to what has 
just been written under tests 6 and 7 on the ' ' Fatigue of Metals," it may be 
remarked here, that impact tests carried out in the manner proposed by 
Messrs. Seaton and Jude are necessary for steels as well as for other metals 
which are to be afterwards subjected ioshocKng treatment — i.e., to rapidly- 
repeated loads of one kind, or to alternating loads. They found, that 
commercial brands of steel, which contained only a small percentage of 
carbon, gave the best shock-resistance results, and, that brittleness was 

• Mechanical Hysteresis. — ^This term has been applied to the area enclosed 
between the ascending and descending stress-strain curves. These curves 
are obtained by gradually added loads from to a maximum, and decreasing 
again to zero, in a similar way to the means taken to obtain magnetic hys- 
tereait of iron or steel. (See Munro and Jamiesoa's Pocket- Book for 
MtctriciwM omd £higineer»,'ldtii edition.) 
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inoreasea very rapidly by an increase in the percentage of carbon. 
Further, that the line of fracture of the metal followed the direction 
of the ferrite by avoiding the pearlite. They also observed (as pointed 
out in the previous lecture under Kirkaldy's inventions), that oil 
quenching had the extraordinary effect of increasing the shock strength of 
certain commercial steels some 500 to 600 per cent. 

Seaton and Jude's Impact Testing Machine.— This testing 

machine consists of a weight (of, say, 6 lbs. ) being allowed to drop down 

freely through a distance (of, say, 
24 inches) upon the test-bar specimen 
of the metal in question, as clearly 
gjj)j, indicated by the accompanying line 

diagram (Fig. 14). The small speci- 
men of a A notched bar 4" x J" x J", 
where the notch is only J inch deep, 
is given by Fig. 15, and its position 
in the previous figure shows how 
it may be fixed upon supports having 
a horizontal distance between them 
of, say, 3 inches. After each blow 
the test-piece is reversed, and the 
apparatus is designed more for the 
purpose of testing the endurance of 
a material under a few repeated 
shocks rather than for testing under 
what shock it can be fractured by 
one or two blows. It is preferred 
to have the test specimens slightly 
notched, as shown by Fig. 15, because 



V Test-Piece, 



. 4"xi"x}" , 



-A_ 



Notch, i" deep. 

Fig. 14.— Line Diagram OF "Impact" Fig. 15. — "Impact" Test-Piboh. 
Testing Machine. 

As used by A. E. Seaton and A, Jade. 

most members in engineering structures have scratches, nicks, indenta- 
tions, or even notches in some cases. 



Advantages of tlie Impact Test.— it is affirmed by the above- 
mentioned advocates of this test : — 

(1) That it is a gauge of the preponderant stress or " dislocating agent." 

(2) That materials which are sufficiently ductile will resist this impact 
or shocking test ; but, that certain materials which give excellent tensile 
and elongation results will not stand this impact test. 

(3) That 99 per cent, of all forgings are notched in some way or other, 
and that internal or external sharp edges cannot always be avoided in the 
design of machines, or even deep scratches in their construction. 
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Cumulative Effects of Small and Medium Shocks.— One effect 
which is sometimes confused with the phenomena investigated by Wohler, 
but which should be treated as distinct from them, is the failure which is 
sometimes brought about through the cumulative effect of shocks. When 
a blow or shoct expends kinetic energy in stressing a material or struc- 
ture, the strain (which may be more or less general or local according to 
circumstances) is such, that the work done in producing it is equal to the 
energy of the blow. If the shock resulting from the kinetic energy of the 
blow be more than can be absorbed by the elastic property of that portion 
of the material or structure where it occurs, the elastic limit will be 
exceeded and local hardening will occur. If such shocks bo oft re- 
peated they may finally cause the collapse of the material or structure. 
This may be shown graphically by means of an ordinary stress-strain 
diagram. 

Effect of allowing a Factor of Safety for both Fatigue and 
for Impact. — It is a matter of controversy among certain civil engineers 
whether it is necessary to allow for repeated impact shock effects in 
addition to those of mere fatigue stresses. In bridge work, for example, 
it is found, that the members become exceedingly large and heavy when 
both are allowed for, and therefore it is often assumed that, as the stresses 
are more or less intermittent, the allowance for fatigue alone, sufficiently 
covers those due to impact shocks. The stresses allowed for in the case 
of, say, wrought-iron bridge-work are only about 5 tons per square inch, 
and for steel about 6§ tons per square inch. A period of rest for a fatigued 
structure most certainly tends to restore its elasticity, but whether it 
also actually restores the metal to its original strength (without any 
annealing) is not known. It is, however, certain that even annealing 
will not bring a material back to its best original or best normal 
condition when cracks or cleavage have once been started in its molecular 
structure. 

Drop or Falling Tests.— Drop testing has always been favoured by 
railway companies for proving rails and car axles. The apparatus consists 
of a large anvil on which are supported a pair of upright guides and the 
beam to be tested, with a falling weight which can be raised to any definite 
height between the guides. Rigidity and inertia of the anvil are of con- 
siderable importance. Messrs. Cammell & Co. of Sheffield use a weight 
of 1 ton, a fall of 20 or 30 feet, and a rail span of 3 feet. The fracture 
under successive blows results from the accumulated effect which is brought 
about in consequence of the energy of each blow being greater than can be 
absorbed by the elastic strain. 

9. Torsional Tests. — The usual arrangements for torsional teats in large 
tensile testing machines are found to be not on^ inconvenient, but are 
sometimes essentially incorrect in principle. Moreover, such machines 
admit but short specimens. Here, even more than for transverse tests, 
the use of a separate machine is very advisable. The machine shown by 
a side elevation and plan in Fig. 16, was used by Prof. Keimedy at 
University College, London. The twist is applied through a worm wheel 
and works with a maximum torque of 4,000 lb. -inches. The test-piece a is 
turned at its ends, centred at one end in the mandril of the worm wheel, 
and at the other end in the boss of the steelyard. Before the stress is 
applied, the test-piece lies quite freely in the bored holes which centre it. 
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Also, the test-pieoe is at all times free to move endwise, and is driven 
from an arm on the mandril through a friotion-olutoh. A similar friction- 
olutoh at the other end of the test-pieoe transmits the pressure to the 
steelyard, and causes it to rise from its fulcrum. An arrangement is made 
by which the actual lift of the steelyard end of the test-piece is kept so 
small as to be negligible. During a test, the steelyard is kept floating by 
moving the poise-weight outwards along the beam as the twisting moment 
is increased. A machine capable of twisting asunder an inch bar of steel 
with a twisting moment of 14,000 to 16,000 lb. -inches is found to be 
sufficient for most laboratory purposes. 




Fig. 16.— Machine for Tobsional Stresses oh Test-Pieces. 

Should it be found necessary to record the torsions throughout a test, 
then an automatic disc recorder, faced with paper and supplied with a 
spring-pressed pencil, may be fixed ab D R, or a plain drum recorder may 
be used. Specimen torsion diagrams, taken in both these ways, with an 
example, will be found in the next lecture. 
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Torsion of Rods and Wires.— The following Fig. 17 illustrates an 
arrangement of apparatus for attaching to a wall. The modulus of torsion 
in rods up to 1 inch in diameter and 2 feet long can be obtained by the aid 
:>i the two reading telescopes and mirrors as indicated in the next lecture. 




Fig. 17. — Apparatus for Measuring the Modulus of 

Torsion in Rods. 
As made by The Cambridge Scientific Instrument Co., Ltd. 

Wire Twisting and Bending. — Wires for sheathing submarine cables or 
ropes are tested, for tvnstahilily , by taking a specimen from each end of 
each bundle, and fixing one end of the specimen in the rigid clamp of a hand 
twisting machine, whilst the other end is gripped by the chuck of the 
turning handle. The distance between the fixed clamp and the inner end 
of the chuck may be about 10 inches. A straight black ink line is drawn 
along the upper surface of the test-piece, and the handle is turned round 
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slowly until the specimen breaks. The broken parts are brought together 
and the number of complete spirals or pitch-screw ink thread lines are 
counted along a length of, say, 6 inches, in order to see whether the 
specimen has complied with the torsion test, as specified in the agreement. 
The following table shows two of the mechanical tests applied to what is 
known as "Best Best Annealed Galvanised Iron Wire" for the sheathing 
of certain submarine cables : — 

Table op Sizes, Twisting and Bending Tests, fob the Iron 
Sheathing Wires or Submarine Cables. 



Weight of Each 
Wire Bundle. 


Diameter of 
Wire. 


No. of Twists 
in 6 Inches. 


Bending and Unbend- 
ing round a Spindle. 


162 lbs. 


0-U3 inch. 


13 


0-572 inch. 


200 lbs. 


0-180 inch. 


10 


0-720 inch. 


280 lbs. 


0-230 inch. 


6 


0-920 inch. 


290 lbs. 


0-238 inch. 


5 


0-952 inch. 



10. Hardness, Temper and Brittleness.*— It is well known, that 

the physical properties of ductile metals are considerably altered by dif- 
ferent kinds of treatment. For example, cold rolling, cold hammering, 
wire drawing, or stretching will convert a comparatively soft and tough 
material into a harder and more brittle one. In the case of steel, the 
physical properties may be altered to a still greater extent by differences 
in thermal and chemical treatment. The differences in the mechanical 
properties of steel and other metals are of the greatest practical importance 
to engineers and metal workers. Under certain circumstances the hardening 
of a material by special treatment is very useful, such as in the tempering of 
tool steel. But, in other cases, a material may be quite trustworthy whilst 
in its normal state and be rendered useless by hardening. Consequently, 
to get rid of what may be termed "artificially or accidentally induced 
hardness," processes of annealing are applied after certain mechanical 
operations. 

The ordinary processes of testing by which the tenacity and elongation 
of a material are measured, indicate indirectly the condition of the speci- 
men, but are open to misinterpretation. For example, a simple tension 
test of a rail or axle does not clearly discriminate whether the material 
is properly annealed or not, and, in such cases, a more direct and sensitive 
test for hardness is required. 

* Students are referred to the "Treatise on Hardening, Tempering, 
Annealing, and Forging of Steel," by Joseph V. Woodworth, and published 
by Arch. Constable & Co., Limited, 1903 ; and to the Final Report by Sii 
F. A. Abel, Proc. Inst. M.S., 1885, on "Steel Hardening," &o. 
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Definition of Hardness. — Hardness is a property of materials about the 
definition of which physioista are not agreed. Moreover, they have not 
specially approved of any one method for accurately measuring or of com- 
paring hardness. Excluding very brittle materials, which crush to powder 
under pressure, and confining ourselves specially to the metals which are 
used in engineering constructions, hardness rtmy be defined as resistance to 
permanent or plastic deformation. Consequently, the resistance to indenta- 
tion by a very hard tool has been taken as a measure of hardness by some 
experimenters. 

Steel containing more than the semi-saturation proportion of carbon 

( "45 per cent. ), when heated to a bright redness and then suddenly cooled, 

is found to acquire a different kind of hardness from that which is produced 

by overstraining ; for it becomes more brittle and more elastic than before. 

For instance, if a piece of high-carbon tool steel be heated to a white heat 

and then plunged into a bath of ice-cold water or mercury, it becomes 

hard enough to scratch glass like a diamond, and wiU be very elastic. It 

is, however, so brittle, that the steel can only be used for such a, special 

purpose as, say, the drilling of tempered steel or chilled iron. Steel 

treated in this way is called " glass-hard," and entirely loses its plastic 

character. When this kind of steel is tested for tension it snaps suddenly 

under mere elastic extension, without any appreciable diminution of its 

cross-section, and it has but a comparatively small tensile resistance. 

However, glass-hard steel may be deprived of its brittleness, its strength 

increased, and the range of its elastic strain greatly increased by reheating 

it up to a lower temperature and then allowing it to cool slowly. This 

process is called "withdrawing the temper," and its success or failure 

depends chiefly on the degree to which the temperature of the steel is 

thereby raised before slow cooling begins. The different grades of temper 

which are produced in this way are usually estimated by the colour 

which appears on the sandstone polished surface of the steel during 

its reheating. The changes of colour are due to the formation of a varying 

film of oxide. For example, if the glass-hard metal be reheated to, say, a 

temperature between 400° F. and 420° F. a light straw-colour appears on 

its surface. This colour shows that the steel has reached a temper suitable 

for the points of keen edges in hard cutting tools. Again, raise the 

heat and hue to, say, a violet-yellow at 500° F. , when a temper fit for 

table knives, where flexibility as well as incisive cutting is required rather 

than a hard, stiff edge. A temperature of about 550° F. will produce a 

purple-blue surface and a temper suitable for springs and all articles where 

the elasticity should be very perfect throughout a wide range of loads. 

At a temperature of 725° F. the steel passes to a red heat, at which, some 

kinds of new fast-speed tool steels do the most extraordinary amount of 

work at a hitherto unsurpassed speed.* 

The term under-tempering is applied to any process which tends to 
reduce the hardness of steel to a degree recognisable by the " colour test," 
and also to all processes by which the degree of hardness is lowered, 
modified, distempered, or lessened in brittleness. Any process which 
does not reduce the hardness of steel to a degree denoted by some colour 
within the range of the recognised "colour test" may be termed hardeming. 
The general adoption of a thermometer test as a guide for tempering steels 
would remove the valid objection to the very old colour test — viz., that 

* See 6th and later editions of the author's Marnml of Applied Mechanics 
for the treatment and capabilities of this new tool steel. 
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the colour obtained on the piece of steel through heating it is no true 
indication that it possesses a temper above its natural degree of hardness; 
because steel, wrought iron, and cast iron will assume all the colours of 
the " colour test " when polished and heated to the necessary temperature. 
Thus, the colour which appears on the surface of a piece of steel is simply 
an indication that it has been heated to a certain temperature and not 
that it has been actually tempered, or, in fact, that the heating has in any 
way changed its hardness or its softness ! 

Workshop Test. — A mechanic tests hardness by using a file, and the 
earliest scientific scale of hardness was that proposed by Moh. He 
selected ten substances and arranged them in order, so that each would be 
scratched by the substance next above it, and would scratch that substance 
next below it. This simple " scratch test" has been found very useful in 
the case of brittle bodies ; but it is less useful for ductile bodies. 

Turner's ScrcUch Test.* — Mr. Thomas Turner has introduced a more 
definite and exact scratch test of hardness. A diamond point is balanced 
at the end of a lever and loaded till it just definitely scratches the surface. 
The load liecessary to produce a scratch is taken as the measure of hard- 
ness or hardness number. This method requires considerable skill, and it 
does not seem sensitive enough to discriminate the quality of ductile 
metals, such as iron and mild steel. 

Calvert and Johnson's Test. — Some experimenters have used an abrasion 
test in determining the hardness of a metal, but this method is again 
difficult and laborious, and appears to be best adapted for brittle sub- 
stances, such as stones. Consequently, the only method which has been 
much used in practice is an indentation test. Messrs. Calvert and Johnson 
took, as their measure of the hardness of alloys, the weight which caused 
a small truncated cone to indent the alloy to a depth of 3J millimetres in 
half an hour. Whilst, in some tests performed in the United States, the 
volume of indentation produced by a pyramidal point loaded with a weight 
of 10,000 lbs. was taken as a measure 
of hardness. An indentation of ^ cubic , 

inch was taken as unit hardness, and 
half that indentation was called 
hardness number 2-O.t This is a 
much more definite and scientific 
method of determining hardness in 
materials which are ductile or plastic. 

Unwin'S Test.! — The apparatus 
devised and used by Prof. Unwin, 
F.R.S., is indicated by the line dia- 
gram (Fig. 18). It consists of a loosely- , 
fitted plunger sliding down vertically 
in a cast - iron guide - block, and 
pressing an excessively hard Q or 
' ' indenting tool " placed upon the test- 




TEST-PIECE. 

Fig. 18. — Pbof. Unwin's Test 
FOB Hardness. 



* See Philosophical Magazine, 4th Series, vol. xvii., p. 114. 

tSee Reports on Metals for Canncm, 1856, Ordnance Department, U.S.A. 

J See Proe. Inst. C.E., vol. cxxix., p. 336, for paper on "A New 
Indentation Test for Determining the Hardness of Metals," by Prof. 
Unwin, F.B.S., &c. 
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piece.* The whole apparatus is placed imder an ordinary testing machine 
whereby loads are applied, and the indentation corresponding to eacl 
increase of load is noted. Each load is allowed to rest on the specimen foi 
a few minutes, until the indentation ceases to increase. In no case must 
the specimen be stretched during the experiment. 

Comparison between Prof. Unwin's Indentation Method and 
Turner's Scratch Method of Determining Hardness.— The fol- 
lowing table contains the hardness numbers for the same specimens, as 
determined by the indentation method and by the scratch method. In order 
that they may be easily compared, the relative hardnesses have been 
calculated by taking copper as unity. It will be seen, that the relative 
hardness follows the same order by whichever method it is determined. 
But, the scale of hardness with the indentation method is an opener scale 
than that with the scratch method. Further, the indentation method is 
found to be easier, more definite, and requires less skill. Of course, for 
brittle substances the scratch method is more suitable. 

Hardness of Metals by Indentation and Scbatoh Methods. 



Materials. 


Hsrdness Number. 


Relative Hardness. 
Copper = 1. 


Indentation 
Method. 


Scratcli 
Method. 


Indentation 
Method. 


Scratch 
Method. 


Cast steel (normal). 
Brass (No. 1), 
Mild steel (normal), 
Copper (annealed). 
Aluminium (squirted), 


554-0 

2210 

143-5 

62-0 

41-8 


25 

12-0 

9-0 

6-0 

4-0 


8-94 
3-57 
2-.S2 
100 
•67 


4-17 

2-00 

■ 1-50 

1-00 

-66 



* •' The indenting tool is simply a short bar of square tool steel, ground 
accurately, so that the angles are right angles and as hard as possible. 
Any one of the edges may be used as an indenting edge, and the tool is 
easily re-ground. The test-piece is a square bar of the metal to be tested, 
usually g inch square and about 2^ inches long. A scale and vernier are 
attached to the guide-block for measuring the indentations. " 
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Lectukb VI.— Questions. 

1. Explain why designers of torpedo boats aim at giving the hulls of 
these very fast short vessels as uniform elasticity as possible throughout 
their length, in addition to a maximum of strength with a minimum of 
weight. State how they accomplished this object. 

2. State your views concisely re shearing versus planing and punching 
versus boring of low-grade and of high-class plates for engineering struc- 
tures. Show, by sketches, &c., how the ultimate coat of boring such 
plates may be minimised. Also, how both shearing and punching affect 
the condition of mild and the harder kinds of steel plates. 

3. What objections can you offer to the punching and subsequent drifting 
of holes in boiler and other steel plates which have to be riveted together ? 

4. Why is it of importance to have reliable results on the "fatigue of 
metals " which are used in certain machines and structures ? 

5. Mention a few of the chief experimenters upon the fatigue of metals 
with dates, and give, in concise general terms, the results of their work. 

6. Explain as concisely as you can, the methods adopted by Wohler and 
the deductions derived from his experiments. 

7. Give Gerber's formula as based on Wohler's experiments, and explain 
the same in detail. 

8. Explain in your own words Bauschinger's deductions on the " elastic 
limits " of materials. 

9. How is heating produced in a metal when it is subjected to severe 
stresses ? How do rest, re-heating, and annealing relieve the strains of a 
stressed metal bar. 

10. Explain concisely Prof. Swing's conclusions re the inter-molecular 
crystalline action of metals subjected to severe stresses and fatigue. 

11. Explain, by aid of a sketch, the action of the machine, as suggested 
by Prof. Reynolds, which was designed and used by Dr. J. H. Smith in 
carrying out a series of experiments on the tensile and compressive recipro- 
cating reversal stresses on round, short test-specimens of iron and steel. 

12. Explain how the formula is derived and applied to the machine 
and test-pieces of the former question, by using the data for the second 
example in the text on unannealed mild steel. 

13. Explain, by aid of line diagram figures, how Messrs. Seaton and 
Jude's impact tests for notched and unnotched bars are carried out. State 
the necessity for and the advantages of this test for certain materials, as 
used in certain machines and structures. State why ordinary tensile, 
compressive, and other tests do not give the same direct useful information 
which impact tests afford for such cases. 

14. Explain, by aid of simple sketches, a form of torsion testing machine 
for round bars. 

15. How are samples of wire for ropes and for the sheathing of sub- 
marine cables tested ? Give a sketch of the machine you would propose 
to carry out such tests, and what would happen if the contractor's man 
drew a straight ink-Una along the upper and the lower surfaces of the wire 
when it was tested ? If you were not present during the test, how would 
you detect the mistake ? 

16. How would you test plates or bars of steel for hardness, and how 
would you register your results ? 

17. How would you test a metal for brittleness ? What results would 
you expect in the case of a very brittle specimen ? 

N.B. — See Appendices B and O for other questions and answers. 
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STRESS-STRAIN DIAGRAMS AND ELASTICITY 01" 
MATERIALS. 

Contents. — ^Autographic Apparatus for Recording Stress-Strain Diagrams 
— Prof. Hele Shaw's Apparatus for Automatically Drawing Stress- 
Strain Diagrams — Prof. Kennedy's and H. G. Ashoroft's Instrument 
for obtaining Stress-Strain Diagrams — Automatically Drawn Stress- 
Strain Diagrams, giving the Elastic, Working, and Ultimate Strengths 
of a Material— Elastic-Strain Diagrams — Plasticity — How to obtain a 
Measure of the Work done per CJubic Inch by aid of the Autographic 
Diagram, when subjecting a Test-Piece to a Tensile Stress — Influence 
of Time on Stress and Strain as shown by the Diagram — Torsion 
Tests — To find the Work Done per Cubic !&ich by aid of an Auto- 
graphic Diagram when Subjecting a Test-Piece to a Torsion Test 
— Searle's Apparatus for Measuring the Extension of a Wire and 
of Determining Young's Modulus of Elasticity — Prof. Ewing's Exten- 
Bometer for Measuring the Elastic Extension, and Young's Modulus 
of Elasticity of Specimens of Metal under Tensile Tests — Testing 
Machine with Extensometer attached for Measuring the Elastic 
Extension of Rods — Measurement of Young's Modulus in Wires — 
Measuring Young's Modulus by Bauschinger's Extensometer — Exten- 
someter applied to Measure the Elastic Compression of Short Blocks — 
Apparatus for Determining the Deflection of Beams and Cantilevers — 
Measurement of Young's Modulus of Elasticity by Deflection of Beams 
and Cantilevers— Measurement of the Modulus of Rigidity by the 
Torsion of Wires — Measurement of the Modulus of Rigidity by Tor- 
sional Oscillations— Questions. 

Autographic Apparatus for Recording Stress - Strain Dia- 
grams.* — In laboratory testing, the relation of extension beyond the 
elastic limit to the load throughout the test, may easily be observed by 
applying a pair of beam compasses to two punch-marked points on the 
test-piece from time to time as the test proceeds, and transferring the 
distance to a scale upon squared paper. The original distance between 
the two points is usually from 8 to 10 inches. Or, Prof. Kennedy's 
mechanical extensometer may be used, as seen from Fig. 19. When 
testing is to be done quickly, and, since a knowledge of this relation is 
wanted afterwards, some form of autographic recording apparatus is found 
to be very convenient. 

* Students should refer back to the first lecture on Testing Machines 
before studying this one. See Proc. Inst. Mech. Engs., 1886, for paper 
giving the "Description of an Autographic Test Recording Apparatus," 
by J. Hartley Wicksteed, of Leeds. 
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In most of the arrangements which are used in practice, the diagram la 
drawn by the relative movement of a pencil and a sheet of paper wound on 
a drum, in the same way that indicator cards are taken from the cylinders 
of steam engines. The one component of the motion is proportional to the 
extension, and the other component to the travel of the weight by which 
the load is measured. 




ffla 







Index to Parts. 


0, 


M for The centre-punch marks, 
da „ Tramel points. 

6 ,, The adjustable tramel-rod. 

c „ A fork. 

/ „ A light pointer. 

g ,, Graduated scale. 



m 



9 

Fio. 19. — Pkop. Kennedy's Mechanical Extensometbr. ' 

£n the single -lever vertical testing machine, as shown by Fig. 6, 
mechanical autographic recorder is attached. 




Pro. 20. — Prof. Unwin's Automatic Test-Rkcording Apparatus. 

* Figs. 19 to 26 and 33 are from Prof. Kennedy's paper on " Engineering 
Laboratories," by his kind permission and by the favour of The Institution 
of Civil Engineers. See Proc. Inst. C.E., vol. Ixxxviii. 

2 11 
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Tn the above Fig. 20 Prof. Unwin's recorder is shown supporting the 
paper drum horizontally on the main column. The paper drum is driven 
round synchronously with the rotation of the screw which moves the 
travelling poise-weight along the weight-beam. The extension of the 
test-piece is taken by having two clips firmly secured to the test-piece at 
points, say, 8 inches apart, by a fine wire or inextensible cord attached 
to the upper clip and passing under a pulley on the lower clip, then over 
a pair of pulleys parallel to the paper drum. The pencil is attached to 
the wire between the last pair of pulleys and traces on the paper of the 
drum the stress-strain diagram, as clearly indicated by the figure. 




Fig. 21. — Wicksteed's Atitomatic Test-Rbcokding Apparatus. 



In the hydrographic recorder, as shown by the accompanying Fig, 21, 
and which can only oe used with machines having a hydraulic pressure ram, 
the drum is pulled round by a wire from the test-piece, through distances 
proportional to the extension, and the pencU takes its motion, not from 
the travelling poise- weight, but from the piston of an auxiliary hydraulio 
cylinder in free communication with the hydraulic cylinder of the machine. 
This piston compresses a spring in its advance, consequently its displace- 
ment measures the force with which it is pressed out. The friction of the 
piston is eliminated by keeping it in continuous rotation, and this is found- 
to make it indicate correctly, the pressure in the main hydraulic cylinder 
acting on the specimen. The net load on the test-piece does not bear a 
definite relation to the pressure in the main cylinder owing to the friction 
of the ram. A uniform scale can, however, be found, because the friction of 
the ram is proportional to the pressure, and the values can be interpreteu 
by occasional reference to the weigh-beam. 

Hence, we get a record of the point of first permanent set and extension 
at maximum load, while a stress-strain diagram is automatically drawn, 
showing the behaviour of the test-piece in yielding to the stresses imposed 
upon it from the st^rt to t^e finish of t^he test. 
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Prof. Hele Shaw's Apparatus for Automatically Drawing 

Stress-Strain Diagrams. — The essential principles of this apparatus 
are identical with those of Mr. Aspinall and Professor Unwin. A front 
and a side elevation are given in Fig. 22, whereby its action will be 
easily understood. The front elevation shows a portion of a Wioksteed 
single-lever testing machine, to which Prof. Shaw's apparatus is attached. 




Fio. 22. — ^Peof. Hele Shaw's Apparatus fob Aotomatioallt DHAwiNa 
THE Stkess-Stbain Diagbam op A Test-Piece. 

It consists of a, cord fixed at the two points g and / to the jockey 
weight B. This otherwise endless cord passes round a pulley at one end of 
the lever D, then round a pulley p, and finally (by means of another pulley 
s, on the axis of which is a worm) it turns the barrel b with the paper on 
which the diagram is to be drawn. The cord then passes away to the 
other end of the lever and is led back to the other point of attachment. 
Thus, inasmuch as the position of the weight on the lever gives the exact 
measure of the force on the specimen by means of a scale v, the distance 
turned through by the barrel b is directly proportional to the stress on the 
test-piece t. The strain is recorded in the usual way, for one end of a 
wire w is attached to one of the points on the test-piece, passes over the 
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pulley c, and finally to a small pulley on the sa'ne spindle as the larger 
pulley m. Another wire passes over the larger pulley m and carries the 
recording pencil k, whilst the tension on the wire is maintained by a 
suspended weight shown above k. Consequently, we have two motions at 
right angles to each other: — (1) The motion of the barrel about its axis, 
which gives a measure of the stress, and (2) the motion of the pencil up 
and down, which gives the measure of the strain. It might at first be 
thought that the possible stretching of the cord would lead to an incorrect 
result, but no one will think so when reminded, that the cord travels 
15 feet for a 6-inch travel of the barrel, and therefore any possible error 
from this cause is reduced 30 times by. this means. The side view of 
Fig. 22 shows the barrel 6 in position, and how the jockey-weight B clears 
the apparatus. 

Prof. Kennedjr's and H. G. Asheroft's Instrument for obtaining 

Stress-Strain Diagrams. — Principle of the Instrument. — It will be seen 
from Fig. 23, that the test-piece a is placed in the machine in series with a 
stronger bar h, called a "spring-piece. The two bars are connected directly 
by a simple coupling, and are pulled simultaneously, the one through the 
other. The spring-piece is of a material such that its limit of elasticity 
occurs only at a load greater than that which will break the test-piece. 
It must also be of a perfectly elastic material, as ascertained by previous 
experiment, so that its extension is strictly proportional to the pull on it, 
and therefore to the pull on the test-piece. A very light pointer c is made 
to swing about an axis through an angle proportional to the extension of 
the spring-piece, and to the pull on the test-piece. The end of this 
pointer always touches a sheet of smoked glass d, to which a travel in 
its own plane is given proportional to the extension of the test-piece. 




Fig. 23. — PRor. Kennedy and Ashceoet's Instrument fob obtaining a 
Stbess-Steain Diaobam. 

In this way the diagram is dravra. By an arrangement of differential 
levers it is assured that the motion of the glass depends solely on the 
extension between the marked points on the test-bar, so that no amount 
of extension in the coupling, or ends of the test-piece, or in any other part 
of the apparatus, can move the glass. Also, the instrument is so arranged 
that the absolute elongation of the spring-piece does not cause any motion 
of the pointer relatively to the glass. 

Advantages and Disadvantages of the Instrument. — It cannot be said to 
be suitable for general use in works testing ; but for laboratory testing, 
where the instrument is in skilled hands, and not subject to rough usage, it 
is believed to be, on the whole, more sensitive and to give better diagrams 
than any of the other forms. It has also the advantage, that it is entirely 
independent of either the poise- weight or the ram, or even any part of the 
framing of the testing machine. Its hollow, circular, tapered aluminium 
pointer may be made so light, that the diagram can be assumed to be free 
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from any errors due to inertia. The diagrams drawn by this instrument 
have the drawback, that their load-ordinates are arcs of circles instead of 
straight lines, and Prof. Kennedy said, in his Inst. C.E. paper on "The 
Equipment of Engineering Laboratories," that he had not yet succeeded 
in devising a plan for getting rid of this difficulty without unduly inter- 
fering with the sensitiveness of the instrument. 




e 

Fig. 24. — Automatically Drawn Strbss-Stbain Diagrams. 

By the Kennedy and Ashcroft Instrument. 

Swedish bar iron, a; Shelton bar iron, b; Swedish iron, c; Landore rivet steel, d; 
Laudore plate, > and/; cast steel, g ; mild steel bar. h. 
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Automatically Drawn Stress - Strain Diagrams, giving the 
Elastic, Working, and Ultimate Strengths of a Material.— It is 
well known, that the life of most ductile materials, such as wrought iron 
and mild steel, when of uniform section, and placed in a testing machine 
with the load gradually increased, will be represented by diagrams similar 
to those indicated in Fig. 24. 

Here, A^ represents the very small elastic extensions which are strictly 
proportional to the stress, and therefore correspond to some constant value 
of the modulus of elasticity. Should the stress be removed from the test- 
piece at any time, during the elastic stage, the test-piece will be found to 
return to .its original length. 

The stage Aj Aj is not always present in test-pieces. In this stage, the 
strain increases faster than the stress. If the load be removed during 
this part of the experiment it will be found, that the test-piece does not 
return to its original length, but it will have received a small amount of 
permanent set. 

Aj is the point which is called the ' ' hreah-down " point ; or better still, 
the "yield-point," where the character of the material changes. 

AjB shows a remarkable feature ; for the apparent fall or "rdecLse" of 
stress of about 2 tons which takes place after the yield-point, is accom- 
panied by a sudden rapid extension, without any increase of the load. 

Cx Cg represents the main part of the stretch of the bar, while it is in a 
condition of " uniform flow" or of semi-plasticity. It is found from obser- 
vations, that the actual extension of the test-piece in this stage, depends 
partly on the time during which the load acts. Also, that the extension 
increases with time even when the load is not increased. 

Cj shows the point of maximum load, usually termed the breaking load. 

The curve Cj D shows the decrease of stress as the bar draws down or 
flows locally. The test-piece is now ruptured at the point D, which is 
called the terminai load. 

The stage Aj A2 is sometimes absent or minute. A^ B Cj takes various 
forms; and C2D also takes very various forms, or may be absent alto- 
gether. But a complete test-recorder ought to be able to show all the 
stages accurately, and where they exist. It has been said, that the stages 
Cj D and A^ B are not of any practical importance. It is quite possible, 
that for works testing, both these stages may be neglected, without the 
loss of much valuable information. But, it should not be overlooked, that 
the former gives very much the same information about any material as is 
obtained by measuring its reduction of area. It seems inadmissible to 
neglect both or either of these stages in scientific experiments, not only 
for the sake of accuracy, but because there is by no means a full know- 
ledge of the practical bearing of either of these stages. In general practice, 
the yield-pomt is taken as the elastic limit of the material, and is the limit 
of stress in tons per square inch. 

Elastic-Strain Diagrams.— The difficulty in the way of obtaining a 
proper diagram of the elastic part of a stress-strain diagram lies in the 
fact, that the extensions for ordinary test-pieces of 10 inches in length 
must be magnified at least 100 times, in order that the curve may be 
useful. Professor Unwin devised for this purpose a "semi-automatic" 
apparatus, which, while it did not actually draw a diagram, it determined 
a number of points for the curve. Professor Kennedy improved and 
modified this diagramming apparatus, to give the desired curve about 
150 times its full size upon smoked glass. The spring-piece shown in 
conjunction with the test-piece in Fig. 2.3 is not now used, but the 
tracing pointer is placed on the test-piece a»<1 x«ed to measure its exten- 
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sions. The frame is also carried by the test-piece, and the smoked glass 
is moved by the poise- weight. It requires very careful manipulation to 
ensure, that the glass starts at the instant at which the test-piece begins 
to stretch, for any inaccuracy in this matter spoils the starting-point in 
the diagram, although it leaves the rest of the curve unaflfected. The 
ordinates which in this case represent extensions are curved, like those 
given in the stress-strain diagram (Fig. 24), and require rectification before 
the real nature of the curve can be seen. Although the apparatus is thus 
by no means in an ideal form, yet the diagrams (Fig. 25) which it gives 
are at least accurate and automatically drawn. The diagrams give a, 
record of facts which are of great interest, but which have hitherto been 
known only as the result of long and laborious detail measurements and 
plotting on squared paper. 




laboo 



Pounds /•£/? o /«&«. 



FlO. 25. — AUTOMATIOALLT DRAWS ELASTIC-ISTRAIN DIAGRAMS. 

JToies.— These diagriims were taken Irom a piece ot Blaeuavon cast iron, 76 inch In 
diameter and 10 inches long. 

Cnrre 1. was first drawn. It may be ooserved, that this test-piece shows considerable 
set after about 10,000 lbs. per square inch had been applied. It comes back finally to a 
new zero line, on removing the load, and shows a set A B of about I-t-750 inch. 

The load was at once re-applied and gave Curve II., which finally almost runs into 
Curve I., but shows a small set B C on the removal of the load. 

Curve III. was then drawn, and it almost coincides with II., and finally goes back to 
the same zero line at tlfe point D, thus showing no further set. The diagram exaggera- 
tion of the extension is 130 to 1. The small continuations of the extensions at the end 
of each experiment apparently show a "time effect." 

Plasticity. — It is important not only to ascertain the breaking strength 
of the material to be used in a structure which is to be subjected to live 
loads and shocks, but also to determine its capabilities to resist deforma- 
tion without rupture. In materials such as wrought iron and mild steel 
plasticity is combined with a high tensile strength, but with cast iron and 
hard steel this property is absent. Consequently, we find it usual in 
specifying for wrought iron and steel to require a certain percentage of 
elongation and contraction of area, as well as a certain breaking stress 
of so many tons per square inch. The plasticity of a material is measured 
by its final elongation and contraction of area. As previously stated, the 
elongation is taken on a length of 8 to 10 inches of the test-piece. 
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To Obtain a Measure of the Work Done per Cubic Inch by 
aid of the Autographic Diagram, when subjecting a Test-Piece 

to a Tensile Stress. — Remembering that work done is the product of 
the force into the linear distance through which it acts, and that the 
ordinates on the stress-strain diagram represent to scale the loads in tons 
while the extensions are measured as abscissae ; then the whole area of 
the stress-strain diagram represents, to some scale, the work done upon 
the test-piece in fracturing it. Thus, if x inches on the vertical = 1 ton, 
and y inches on the horizontal = 1 inch of extension of the test-piece, 
we get — 

txT y ■, ■ ■ , . area of stress-strain diagram in square inches 

Work done in inch-tons = • 

xy 

The area of the diagram can be found by means of Simpson's rule or by 
a planimeter, and if we divide the work done in inch-tons by the volume 
of the test-piece in cubic inches, we obtain the work done per cubic inch. 

-,. , , , . . , work done in inch-tons 

Work done per cubic inch = ^ 



volume of test-piece in cubic inches 



In order to compare results for the work done per cubic inch in 
breaking a bar of any material, the test-pieces should be similar, because 
the ultimate elongation depends on the original length, and to some 
extent upon the cross-sectional area for the same material. 

ProJ. Kennedy's Approximite Method. — Prof. Kennedy has pointed out, 
that the curve during the ductile and plastic stages is a very close approxi- 
mation to a parabola. Consequently, if we assume it to be so, the work 
done in inch-tons per cubic inch upon the test-piece can be calculated 
without the aid of a diagram. 

Let ft = Elastic limit stress in tons per square inch. 
I, fmat. = Maximum stress in tons per square inch. 
„ L = Length of the bar between the datum points in inches before 

extension commences. 
,, I = Extension in inches. 

Then, the Work done in inch-tons per square \ — f i ^. i if f \i 

inch of cross- section of the test-piece j ~ Umam. — Jt)'- 

»» )i 9j »» r ~ ^ "^ ^m»«.). 

. • . Work done in inch-tons per cubic inch of 1 \_ i f , o f \ 

the test-piece J ~ 3 L ^' ^•'•»"-'- 

But the percentage ratio of extension to originaH _ I v inO = y e 
length J i> '" ' 

-•. the Work done in inch-tons per cubic inch = ^ (/, + 2 /max.)- 

N.B. — The best practical method of arriving at Ltie suitability of any 
given material for withstanding shocks and blows is by obtaining the 
work done in inch-tons per cubic inch of the test-piece. 
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Example I. — In a tensile test of a piece of flat wrought-iron bar, the 
following results were obtained : — 

(i.) Original dimensions of cross-section 2 '010 inches by 0'505 inch, 
(il. ) Final dimensions of cross-section at point of fracture 1 '520 inch 

by 410 inch, 
(ili.) Gross load at limit of elasticity 34,500 lbs. 
(iv. ) Gross load at fracture 53,100 lbs. 
(v.) Total extension on length of 10 inches = 1'46 inch, 
(vi.) Extension on 10" length under a gross load of 20,000 lbs. = n^". 

Find from the above data : — (a) The modulus of elasticity of the material ; 

(b) the limit of elasticity and tenacity per square inch ; (c) the reduction of 
area per cent. ; (d) the approximate work done per cubic inch of the 
material in fracturing the bar. Would you consider this good material ? 

(I.C.E., Oct., 1901.^ 
Answer. — 

^"' "eZt^citr""'" °'}^ = S- (Eq-tion IV., Lecture I.. Vol. II.) 
„ _ 20,000 X 10 ^ 200,000,000 
2-01 X -505 X tAs" 7-105 

„ „ E = 28,143,000 lbs. per square inen. 

(6) Stress at elastic limit in 1 _ load at elastic limit _ 34,500 
lbs. per square inch / ~ original area ~ 1-015 

„ „ = 34,000 lbs. per square inch. 

(c) Percentage contraction 1 _ original area - final area 

of area / ~ original area 

_ (2-01 X -505)- (1-52 X -41) 

~ 2-01 X -505 ^"" 

(1-015- -6232)100 3918 „^ 
= TOIB =x:oi5 = 2^^P^''°«'^t- 

{d) Work done per cubic 1 _ work done in stretching the test-piece 
inch J volume of the test-piece 

(mean load between starting point and"! 
point of fracture x distance moved [• 
through J 

" " /area in square inches x length of test-\ 

\ piece in inches / 

30,525 X 1-46 . „„. . , ,, 
„ „ = jQTjg = 4,390 meh-lbs. 

(e) Percentage elongation 1 _ final length - original length ^^ 
on 10 inches J original length 

1-46 X 100 



10 



= 14-6 per cent. 
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Influence of Time on Stress and Strain, as shown by the 
Diagram. — Prof. Barr says, another advantage in wire testing is, that 
any particular condition may be varied. The wire can be tested quickly 
or slowly, and where a considerable difference in the stress-strain diagrams 
is shown, it will be known to be due to the method of testing. Besides 
that, the material may be given rests more conveniently in experiments 
on testing wires than could be done with specimens in a large machine. 
The results obtained by varying the rate of application of the stress to the 
specimen as given by the stress-strain diagrams in Fig. 26, are exceedingly 
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Fio. 26. — Stress-Stbain Diagrams of a Test-Piece of Charcoal Iron 
UNDER Three Conditions of Testing (see Fig. 2, Lecture xxxiia. ). 

interesting, because it is certain, that almost the whole of the measurable 
difference of results on the diagram is due to the different treatment, and 
not to any difference in the specimens themselves. The arrangement 
shown in Fig. 2, is well designed for accurately obtaining the required 
variations in the rate of application of stress within a wide range. 

Torsion Tests.— ^IJrfojrapWc Diagram taken with a Mat Disc 
Eecorder.* — Fig. 27 shows in a graphic way the behaviour of an "acid 
steel" specimen, | inch in diameter and 6 inches long, subjected to a 
maximum torsion or twisting moment of 4,840 inch-lbs. The specimen 



• The originals of both of these torsion diagrams were kindly taken by 
Messrs. Buckton & Co. and presented to the Author for this book. They 
were then reproduced to a convenient scale by his publishers. 
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was twisted through an angle of 1,202°. The series of concentric 
circles represent the increase of stress, while the radial divisions show the 
amount of torsion. A complete turn of the test-piece is represented by 
360° or 2ir radians. It will be seen, that the characteristic behaviour of 
the specimen is shown to be a rapid increase of stress for minute incre- 
ments of torsion, until the elastic stress is attained. It is thereafter 
followed by a greater and greater amount of twisting compared to the 
increase of stress. Hence, in the case of tough and very ductile materials, 
there is during the last stage of the experiment a very large proportion 
of twist with very little increase of stress ; or, as illustrated by Fig. '/I, 
the ouWe becomes almost concentric during the later stages, instead of 
maintaining the spiral form as in the earlier stages. The arrowhead 
at the very end of the curve indicates that the specimen has broken. 




Fig. 27.— Spieai, Diagram of Tokston Test taken with Wickstbed's 
Flat Diso Rbcokdbr. Made by Buokton & Co., Leeds. 



If the curve in Fig. 27 be developed on a flat surface we get a somewhat 
similar diagram to that shown by Fig. 28. Here the ordinates represent 
twisting moments and the abscissse angles of twist or torsion. 

Autogro/phic Diagram taken with a Drum Recorder. —Fig. 28 is » copy 
of the diagram taken by a drum recorder for a "basic steel" specimen 
2 inches in diameter and 4 inches long between the collars. The maximum 
twisting moment was 103,290 inoh-lbs., and the angle through which the 
specimen twisted was 450°, or 2'5ir. 
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To find the Work Done per Cubic Inch by aid of an 
Autographic Diagram, when subjecting a Test-Piece to a 
Torsion Test.— Take the case of Fig. 28, which represents a stress- 
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Fig. 28. — Uiagbam op Torsion Test taken with a Drum Recorder. 
Made by Buokton & Co. , Leeds. 



strain diagram in which the ordinates represent twisting moments and the 
abscissae angles of twist. We get — 

The verticoH scale 1 
for twisting > =43,500 inch-lbs. per inch, 
moments ) 

The horizontcU scale for the angle of twist is taken as — 
1 inch = "STir. 

The area of dia- 1 

gram is ap- >=3"75 square inches, 
proximately ' ) 

,„ , , areaofdiagramx 43,500 x-ST'-r 3-76 x 43,500 x -87 x 22 
Hence, Work done ^^ = t^[^^ 

„ ,, =199 '12 inch-tons. 

And, Work done \ _ Work done in inc h-tons 199-12 

per cubic inch / "Volume of bar in cubic inches 3"14 x 4 

„ =15 '8 inch-tons per cubic inch. 
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Searle's Apparatus for Measuring the Extension of a Wire 
and for Determining Young's Modulus of Elasticity.*— In study- 
ing the efifeots of longitudinal stress upon the length of a wire some accurate 
means is required for measuring the elongation of the test-piece. The 
simplest method of magnifying these effects, consists in using a wire of con- 
siderable length, which for convenience is hung from a fixed support. The 
extension is produced by hanging weights to the lower end of the wire. Two 
chief sources of error must be avoided at the outset. These errors arise from 
the yielding of the support and the change in length of the wire due to a 
rise of temperature. Both errors are practically eliminated if, instead of 
finding the displacement of the lower end of the wire relative to a fixed 
mark, observation be made of the displacement of the end of the wire 
relative to the lower end of a second wire of the same material, hanging 
from the same support, stretched by a constant weight and thus serving as 
a standard of comparison. It is here assumed, that the coefficients of 
expansion with temperature of the two wires are identical in spite of their 
di^erences in stress. 




Fig. 29. — Sbarlb's Appaeatcs fok Measueing the Extension and 
Determining Young's Modulus for Wires. 

Description of Apparatus. — The apparatus shown by Fig. 29 furnishes 
a very sensitive means of measuring the relative displacement of the ends 
of the wires, and in addition to its sensitiveness, it possesses the advantage 
of giving direct readings. The two wires Wj, Wj have their upper ends 
secured to a stout piece of metal bolted to a beam. From their lower ends 
hang two cylindrical brass frames supporting the two ends of a sensitive 
level L. One end of the level is pivoted to the frame at the left-hand side 

*I am indebted to Mr. G. F. 0. Searle, M.A., Demonstrator at the 
Cavendish Laboratory, Cambridge, for kindly supplying me with a copy of 
his paper on "Apparatus for Measuring the Extension of a Wire," see 
vol. v., part v., of the Proc. of the Cambridge Philosophical Society, 
from which the above article has been compiled. 
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of Fig. 29 by pivots ;. whilst the other end of the level rests upon the end 
of a vertical micrometer screw, working in a nut attached to the other 
frame at the right-hand side of the figure. The central link connecting 
the two frames prevents them from twisting, relative to each other about 
their vertical axes, but allows a free vertical relative motion. When this 
link is horizontal the two wires are parallel to each other. From the 
lower ends of the frames hang a mass M and a pan P. The weights of M 
and P are sufficient to ensure that the wires are straight. The connections 
between the two wires Wj, Wj and the frames are made by the swivels S, 
into which the ends of the wires are soldered. These swivels enable the 
^vires to be torsionless and thus ensure that the two wires hang in a 
vertical plane. Two other swivels S, connect M and P to the frames. 
The head of the vertical micrometer screw is divided into a number of 
equal divisions around its circumference, and a scale is engraved on the 
side of the frame at the right-hand side, which scale serves to determine 
the number of complete revolutions made by the screw. 

Method of Using the Apparatus. — Suppose the screw has been adjusted, 
BO that one end of the bubble of the level is at its fiducial mark. If a 
weight be placed in the pan P, the wire Wj is stretched and the bubble 
moves towards the left-hand end of the level. The bubble is then brought 
back to its fiducial mark by turning the micrometer screw, so as to raise 
the right-hand end of the level resting upon it. The distance through 
which the screw is moved is clearly equal to the increase of length of the 
wire Wj, and is determined at once by the difference of the reading of 
the screw in the two positions. The level is sensitive enough to enable 
the screw to be adjusted to ■!■ of a division on its graduated head. 

With this apparatus it is easy to investigate the deviations from Hooke'a 
Law for copper wires. 

Prof. Ewing's Extensometer for Measuring the Elastic Exten- 
sion and Young's Modulus of Elasticity of Specimens of Metal 
under Tensile Tests. — This instrument can be quickly applied to any 
test-piece, and no pwrt of it has to he touched whilst the test is being made. 

Two clips Bj and C are attached to the test-piece A by the points of two 
set-screws. The clip Bj has a projection B2 ending in a rounded point P, 
which engages with a conical hole in C. When the bar extends, this 
rounded point serves as a fulcrum for the clip C, and hence a point Q, 
equally distant on the other side, moves, relatively to Bj, through a 
distance equal to twice the extension. This distance is measured by means 
of a microscope attached to B,. The microscope forms a prolongation of 
Bj, and the motion of Q is brought into the field of view by means of a 
hanging rod B. The rod R is free to slide on a guide in B^, and carries a 
mark on which the microscope is sighted. The displacement is read by 
means of a micrometer scale in the eye-piece of the microscope. The 
pieces B^ and B^ are jointed to one another in such a way that the bar may 
twist a little, as it is sometimes Liable to do during a test, without affecting 
the engagement of P with C. This also obviates any need of absolute 
parallelism in the axes of attachment of the two clips. But the joint 
between Bj and Bj forms a rigid cohuection so far as angular movement in 
the plane of the paper is concerned. This feature is essential to the action 
of the instrument, for it is only then that P serves as a fixed fulcrum in the 
tilting of A, by extension on the part of the specimen. 

The figure is an illustration of the usual form of this instrument. 1 he 
clips Bi and C are set at 8 inches (200 mm. ) apart. 

Each division on the microscope scale corresponds to ^« inch of extea- 
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Bion, so that, by estimation of tenths of a division, readings to ^irJuT) i"oh 
may be taken. 

Ihe screw L further serves' to bring the sighted mark to u, convenient 
point on the micrometer scale, and also to bring the mark back if the 
strain is so large as to carry it out of the field of view. In dealing with 
elastic strains there is no need for this, as the range of the scale itself is 
sufficient to include them, but it is useful when observations are being 
made on the behaviour of metals when the elastic limit is passed. 

To facilitate the application of the extensometer to any rod, a clamping 
bar is added, by which the clips Bj and C are held at the right distance 
apart with the axes of their set-screws parallel, while they are being 
secured to the test-piece. Such a clamping bar is especially convenient 
when the strain has been carried beyond the elastic limit, and it is desired 
to reset immediately, the clips to the standard distance apart, after the 
length between them has materially changed by extension of the specimen. 
The clamping bar must, of course, be removed before a test begins. 




Fig. 30 — ^Pbop. Ewing's Extbnsometee. * 

An apparatus can also be made for marking oflf on the specimen tha 
8-inch length to which the extensometer is applied when in use. To use 
this latter apparatus, the set-screws are turned back so that the test-piece 
rests in the V-grooved blocks, the upper screws are then tightened upon 
the test-piece, and the lower screws are also tightened sufficiently to make 
their points indent the bar. 

* I am indebted to Prof. J. A. Ewing, F.R.S., ic, and to "The Syndics 
of The Cambridge University Press" for their kind permission to reproduce 
in this lecture the following 7 figures : — 31, 32, 34, and 36 to 39. Those 
devised by Prof. Ewing are specially indicated with his name, and all are 
made by The Cambridge Scientific Instrument Co., Limited, from whom 
I received the other 3 blocks for figures 17, 29, and 35. Most of these 
figures are illustrated and described in Prof. Ewing's treatise on "The 
Strength of Materials," as published by The Cambridge University Press. 
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Testing Maehlne with Extensometer Attached for Measuring 

the Elastic Extension of Rods. — Extensometers are commonly used in 
conjunction with testing machines. It is also necessary to note, that for 
many experiments on elasticity, the testing machine is not essential, 
because so long as elastic strains are being dealt with there is no need of 
hydraulic or other gearing to take up the stretch, and an ordinary lever 
may be all that is required for applying the load. The figure below 
illustrates a laboratory apparatus for measuring Young's modulus in rods 
of various metals. By placing weights on the vertical rod attached to the 
right-hand end of the lever, loads up to 1 ton can be applied to the test- 
piece, which may have a diameter of J to | inch. An extensometer ia 
attached to the test-piece on the left-hand aide of the lever, to measure 
the strain produced in it. 




Fig. 31.— Testino Machine with Ewing's Extensometer attached 

FOR MeASUBING the ELASTIC EXTENSION OF RoDS. 



Measurement of Young's Modulus in Wires.— When long pieces 

of wire are available as test-pieces, then the elastic extension can be obtained 
by direct measurement by means of a scale and vernier. The usual plan is 
to hang the two wires side by side, fastening both to the same support and 
then attach the scale to one wire and the vernier to the other. The advan- 
tage of using the second wire to carry the scale is, that any yielding of the 
support or any change of temperature, such as might take place during 
the test, affects both wires equally. The wire with the scale attached to 
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it is kept taut by a load which is not varied during the test. Tlie other 
wire is first loaded with weights until it ia straight, then additional 
weights are applied to produce the elastic extension. This extension is 
measured by noting the movement of the vernier along the scale. It ia 
found, that with iron or steel wires 20 feet long, the extension is nearly 
•jV inch for each ton per square inch of load. As the load may generally 




Fio. 32. — Instrttment for Measubing the Eiabtio Extension 
OF Wires. 

be raised to 10 tons per square inch, and sometimes more, without passing the 
elastic limit, it will be seen, that the movement of the vernier will be suffici- 
ent to give approximately accurate values of the modulus of the material. 

When short pieces of wire are only available, then some means of 
magnifying the relative displacement will be required. One very good 
plan ia to clamp two little blocks to the two wires. These two blocks 
o 1^ 
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serve as platforms, on which is placed a small tripod carrying a mirror. 
Two legs of the tripod are supported in a hole and a slot respectively on 
one of the blocks, while the third leg rests on a plane horizontal surface 
on the other block. * If one wire is stretched it causes the mirror to tilt, 
and the amount of this tilting is measured by means of the fixed telescope 
and scale shown at the left-hand side of the above figure. 

It will be noticed, that the two wires hang inside the vertical tubular 
stem from the clamp and butterfly nut at the top. A cross-bar is attached 
to the bottom end of one of the wires which carries a constant load, while 
the variable load is applied to the other wire. The reading telescope with 
its attached scale is supported by part of the framework of the apparatus. 

It is important to note, when calculating the extension of the test-piece 
from the scale readings, that the angle through which the reflected ray 
turns is twice the angle through which the mirror is tilted. 

Thus, if 10 = The effective width of the tripod carrying the mirror — i.e., 

the distance from its back leg to the line joining the 

two front legs. 
n = Number of divisions on the scale by which the telescope 

reading has changed when a load is applied. 
d = Distance between the mirror and the scale expressed in 

scale divisions. 



Then, the small angle turned through by the ray = -;. 



SI 



And, the angle through which the mirror is tilted = — , where Si is 
the extension of the wire. '"' 

. - . Si = -7T^ and is calculated in the same units as are used in measur- 
2d 

ing the efiective width w of the tripod. 

Measuring Young's Modulus by Bauschinger's Extensometer. 

— The small strains which take place in a tensile teat of a non- 
plastio material, and those strains which occur during the early part 
of the test in any kind of material, require some form of instrument 




Fig. 33. — Pkof. Bauschingbb's Optical Apparatus for the 
Measurement of Strains. 



• This automatic adjustment was first devised by Lord Kelvin in con- 
nection with the levelling of his quadrant electrometer. 
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capable of indicating delicate measurements. In measuring the elastio 
modulus and in determining the true elastic limit, it is necessary to be 
able to compare the fractional parts of the stretching of the test-piece, 
which are produced by each successive increase of load. Consequently, 
in order to obtain accurate measurements of the modulus of any material, 
there is a great advantage in being able to read the measurements to, 
say, s^Vi7 part of an inch, when we consider that the whole amount of 
elastic stretching in a test-piece of, say, wrought iron is only about ttjVs- 
part of the length under observation. As the measurements taken between 
two marks on each side of the test-piece are so much affected by bending 
(due to inequality of the distribution of the stress), it is absolutely necessary, 
either to measure the extensions on opposite sides of the test-piece and 
take the mean, or to measure the displacements on each side of the test- 
bar by aid of two mirrors, &c. , attached in such a manner as to indicate the 
strains on each side of the test-piece, as shown by the accompanying figure. 

Extensometer Applied to Measure the Elastic Compression 

of Short Blocks.— The illustration (Fig. 34) shows Prof. E wing's extenso- 
meter as adapted by him w measure the elastic compression of short blocks 
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FiGi.. 34. — Prop. Swing's Extensombter as Applied to Measure the 
Elastic Compression oe Short Blocks. 

of any material. It will be seen, that the length of test-piece which is 
to be tested between the clips is only 1 J inches. The strain of the test-piece 
is multiplied ten times by a mechanical arrangement. This result ia 
obtained by extending the clips to the right, and making the distance 
of Q from the axis nine times that of P. The prolongations of the clips 
to the left of the figure are added, to counterpoise the weight of the 
clips and microscope, &o., on the right-hand side, so that the force 
with which the point P presses against its bearing or socket may be 
vertical. The motion of the end Q of the lever P Q is transferred to the 
field of the microscope by means of a vertical hanging piece jointed to the 
lever at Q and carries the mark on which sights are taken. With this 
instrument no calibrating screw is required, whilst the object to be sighted 
by the microscope is a small piece of glass on which two horizontal lines 
are engraved at a distance of t^V inch apart. The length of the microscope is 
arranged by adjustment to make these lines include 500 units of the eye-piece 
scale. Consequently, each unit corresponds to a displacement of the glass 
plate through -^Itsts inch, or to an extension of the test-piece of ^5^^ inch. 
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Apparatus for Determining the Deflection of Beams and 

Cantilevers. — This instrument consists of two cast-iron brackets which 
can be fixed to a wall. An iron bed having two movable supports with 
knife edges in order to test the rod when placed as a beam ; also a cast- 
iron block for fixing the end of the test-piece when being tested as a 
cantilever, and shown by the figure. The deflection or lowering of the 
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-Apparatus for Detbrminino the Deflection op Beams 
AND Cantilevers. 



middle point of the beam or the end of the cantilever may be small, so 
that this deflection is magnified by passing a cord from the top of the 
stirrup round the little axle which carries the pointer. The pointer will 
show on the dial the magnification of the deflection. The weights are 
attached by a carrier to the lower end of the stirrup. 

Measurement of Young's Modulus of Elasticity by Deflection 

of Beams. — By noting the deflections of a loaded bar of the material, 
we have another ready method for finding Young's modulus for the material 
of the test-piece. The bar is supported as a beam on fixed knife-edged sup- 
ports, or clamped at one end and free at the other. When the test-piece is 
long and sufficiently flexible to bend easily, then the deflection is measured 
by a fixed scale behind the test-piece, with a piece of mirror fixed alongside 
the scale. The readings may be directly taken by the experimenter 
bringing his eye to the level of the test-piece until the top edge of the 
test-piece just covers its reflection in the mirror, and then sighting this 
position of the edge upon the scale at its side. It is, however, found, 
that when dealing with less flexible test-pieces, an apparatus like that 
illustrated by Fig. 36, is found useful. In this arrangement, the knife- 
edged supports are clamped on a sti£f bed similar to that of a lathe bed, 
and can be adjusted to suit any length of test-piece. The deflection of the 
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test-piece is measured by sighting a fine, accurately-divided glass scale, 
through a low reading microscope. This divided glass scale is clamped to 
the middle of the test-piece, as seen from the figure. A little jockey 
mirror can be set astride the test-piece at any point for the purpose of 
observing the angle of slope at that point. This mirror is shown at the 
right-hand support in the illustration. When the test-piece is loaded, the 
tilting of this mirror can be observed from a distance by means of another 
reading telescope and scale. It is sometimes more convenient, instead of 
loading the test-piece in the centre, to place two equal loads at the 
extremities, which are arranged to project by equal distances beyond the 
two supports. The great advantage of this latter method of loading is, 
that the middle portion of the test-piece is subjected to uniform bending 
and to no other kind of stress. 




Fig. 36. — Apparatus for Measuring Young's Modulus or Elasticity 
BY Depleotion or Beams. 



Let L = The whole length of test-piece. 

,, X = Half the distance between the supports. 

L - 2 a; _ J The distance by whicli the test-piece projects beyond 
" 2 ~ 1 each support. 

4r- L -> 



^L^-^A^. 



_^A . L-2s 
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Then, as was shown in Lecture III., if a load W is applied at the 
centre of a beam, the deflection — 



WL^ 



6EI' 



W x" 

6A,r 



1 48EI" 

Where I is the moment of inertia of the section of the rod or beaoi about 
a horizontal central axis. 

Again, if a load W be applied at each extremity of the test-piece, the 
upward deflection at the centre is given by the equation — 



A^ = 



Wa;^(L-2x) 
4EI 



E = 



Wx''-{L-2x] 
4A„I 



Young's Modulus by Deflection oj Cantilevers. — The following Fig. ,37 
shows an arrangement for observing the deflection of the test-piece when 
used as a cantilever or beam fixed at one end and free at the other. 




Fig. 37. — Apparatus for Measuring Young's Modulus of Elasticity 
BY Deflection of Cantilevers. 

Assuming the load W to be applied at the free end, and, that L denotes 
the whole length of the test-piece from the clamp to the free end, we get 
the deflection, A = W L^S E I. 

There is one great objection to this latter method of determining E, on 
account of the difficulty of maintaining the fixed end of the test-piece 
horizontal by means of the clamp. In this experiment, provision is made 
for observing the deflection at the various points along the test-piece, in 
order to plot the curve which a beam of uniform section will assume under 
a given load or system of loads. The slope of the cantilever may be deter- 
mined from point to point along the test-piece by means of the jockey 
mirror, as previously described for slope of beams. 
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MeasuFement of the Modulus of Rig-idity by the Torsion of 

Wires.* — The accompanying illustration shows a self-contained apparatus 
for performing experiments on the 
torsion of wires. The wire to bo 
tested is suspended in the vertical 
axis of a tubular stem. It carries 
a cylindrical weight, round which 
two cords pass and are led away 
over pulleys on both sides of the 
framework to hangers. Equa] 
weights are placed upon the 
hangers, and the wire is conse- 
quently twisted by a pure couple. 
The angle of twist is read by 
observing the displacement of a 
pointer on a fixed circular scale. 
This pointer is attached to the 
upper end of the cylindrical weight. 
When a rod is twisted every part 
of it is in a state of shear. 

Let d = Angle of twist ex- 
pressed in circular 
measure. 

,, / = Length of wire. 

,, rf = Diameter of wire. 

,, C = Modulus of rigidity. 

,, TM = Twisting moment. 

Then, within the elastic limit, we 
get from Lecture IV., p. 106 — 

32ZTM 
32;TM 



Or, 



c = 



rd^e 



It is found convenient, in apply, 
ing this method to measure (J in 
rods of moderate diameter, to find 
B by using two long pointers 
clamped on the wire near its ends. 
The distant ends of the pointers 
pass over fixed scales. Hence, the 
diflferenee in the two scale readings 
measures the angle of twist on the 
length I of the wire between the 

5r''ift\°^- *''! two pointers. i^,„738._appaeatos fobMeasi^^ng 
Should the diameter of the wire be Modulus of Rigidity by the 

so great as to make the angle ot t„^„,„„ „p WraFS 
twist too small to be measured in -Lo^sioN of Wires. 




* See Proc. Inst.C.E., vol. cli., 1903, for abstract of paper on "Iron 
and Steel under Torsional and Combined Stresses," by Prof. E. G. 
Coker, M.A., D.Sc. 
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this way, then a, pair of mirrors are clamped on the wire and made to face 
sideways, and are used along with a reading telescope and scale for each. 
The advantage of an optical pointer over a mechanical pointer is, that 
of doubling the angle, and, further, it can readily be made longer. 

Measurement of the Modulus of Rigidity by Torsional Oscil- 
lations. — The figure shows a complete apparatus for experiments on the 
torsion of wires by means of Maxwell's needle. It consists of a brass 
tube placed horizontally, into which there can be slipped four other equal 
short pieces of tube, and thus fill up its whole length. Two short pieces 
are tflled with lead and the other two pieces of tube are empty. By placing, 

first, the two empty short 
tubes in the interior with the 
two loaded pieces of tube to 
the outer ends of the long 
tube, and second, reversing 
this order by placing the 
loaded pieces in the centre 
and empty ones at each 
end, you can obtain two dif- 
ferent values of the moment 
of inertia of the system. 

Let Ii = Moment of inertia 
of system in the 
first arrangement 
of the short tubes. 

„ Ij = Moment of inertia 
of system in the 
second arrange- 
ment of the short 
tubes. 

„ a; = Half the length of 
the long tube. 

„ jMi = Mass of each of the 
two short tubes 
which are filled 
with lead. 

„ Tjij = Mass of each of the 
empty tubes. 

,, «j, <2 = The observed 
periods of oscil- 
lation in the two 
arrangements re- 
spectively. 




Fig. 39. — Apparatus for Experiments 

ON THE Torsion of Wires by means 

OF Maxwell's Needle. 



Then the system is changed 
by shifting two masses, each 
equal to TOj - m^, so that the 

distance of the centre of gravity of each mass from the axis changes from 

J X to J a;. 

Hence to express the change in the moment of inertia — 

I, - I, = 2 (nil - ma) (^x" ~-hx') = (rn^- m^)!?. 
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„ , ^ _ Ii ti' _ ^1 Ii 

"'^*' V ~ Ij" °^ <i» - ij" ~ Ii - I2 (mi - TOa) »»■ 

n- Ii _ ("h - TOg) a" 

ti ''I '2 

Also, the modulus of rigidity C can be got by the following formula : — 

C = M-ro* (see Lecture IV. , p. 105). 

Where t is the period of time taken to make each complete oscillation ; I is 
the length and d is the diameter of rod, and g is the factor for con- 
verting the twisting moment per unit of angle, or the constant ratio of the 
twisting moment T M to the angle 6 into kinetic units. 

Consequently, we obtain, without any calculations for moment of inertia 
I, the equation for the modulus of rigidity 



p 128 TT ? r (CTi-OT8)a;n 

^~ gd* I t^^-t^ S 



In the next lecture we shall deal with the " Strength and Elasticity of 
Columns," 
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Lecture VII. — Questions. 

1. Select any two of the five autographic apparatus for recording streae- 
slrain diagrams which you consider to best fulfil the objects to be attained. 
Then sketch and explain their construction, use, and application. 

2. Explain, by aid of a sketch of a complete stress-strain diagram, the 
several points of chief interest which occur in a rod of soft iron or mild 
sbeel, from the time of applying the stress until the rod breaks. 

.3. Explain, by aid of a sketch, how Prof. Kennedy automatically obtained 
elastic strain diagrams. 

4. What is meant by Plasticity ? How would you obtain a measure of 
the work done per cubic inch by aid of an autographic diagram when 
subjecting a test-piece to a tensile stress ? Explain, also, Prof. Kennedy's 
approximate method and give the formula, with an example. 

5. Explain the influence of time on the stress and strain of a metal as 
exhibited by a stress-strain diagram. 

6. Explain, by aid of sketches, how you would make and take a torsional 
stress-strain diagram. Craw and explain torsion diagrams taken by disc 
and drum recorders. 

7. Of the several methods given in this lecture for measuring the exten- 
sion of wires and of determining Young's modulus of elasticity, select any 
one and describe it fully, by aid of sketches, with index to parts, &c. 

8. Sketch and explain Prof. Swing's extensometer for wires and rods. 

9. Explain clearly, by aid of sketches, Bauschinger's extensometer for 
measuring Young's modulus of elasticity. 

10. Sketch clearly and explain concisely Swing's extensometer for 
measuring the elastic compression of short blocks. 

11. Explain by sketches any apparatus for measuring Young's modulus 
of elasticity by deflection of beams and cantilevers. Work out the formulea 
for the deflection and for Young's modulus of elasticity. 

12. Sketch and explain any apparatus for measuring the modulus of 
rigidity by the torsion of wires. 

13. Show how the mere torsional oscillations of a suspended weighted 
wire may be used to ascertain the modulus of rigidity. 

14. Suppose the vertical loads and supporting forces of a horizontal 
beam to be known, show how we find (1) the shearing force at the 
section, (2) the position of the neutral line, (3) the compressive stress at 
any part of the section, (4) the curvature of the beam, (5) the new shape 
of a portion of the section originally rectangular, its sides vertical and 
horizontal. (B. of E., Adv. & H., Part I., 1900.) 

15. Describe carefully the behaviour of a mild-steel bar tested gradually 
in tension up to rupture, and sketch a stress-strain curve for it. The 
following data were obtained in such a test: — Original diameter of bar 
1} inches, final diameter at point of fracture H o? ^"^ inch, total load 
when limit of elasticity was reached 20'8 tons, total load at fracture 
36 '7 tons, total extension at fracture (on a length of 10 inches) 2-23 inches, 
elongation (of 10-inch length) under a total load of 10 tons '005 inch. 
Deduce from these data the following : — (a) The modulus of tensile 
elasticity. (6) The reduction of area per cent, (c) The elongation at 
fracture per cent, (d) The limit of .elasticity in tons per square inch, 
(e) The maximum load in tons per square inch (both for original and final 
area). (C. & G., 1901, H., Sec. A.) 
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16. A cylindrical steel pin is used to couple together two rods, and the 

i'oint is arranged in such a way that the pin is subjected to double shear, 
i the total tensile force tending to pull the joint asunder is 18| tons, 
what diameter would you make the pin ? Choose for yourself the working 
shearing stress which can be permitted. (C. & G., 1,901, 0., Sec. B.) 

17. Answer only one of the following : — (a) Describe a laboratory experi- 
ment by which you could find E, Young's modulus of elasticity for an 
iron wire 10 feet long and 0'05 inch diameter. How> would you secure 
the upper end of the wire? How apply the load? And how measure 
the elongation ? How would you plot your results, and how deduce the 
value of E? About how much elongation would you expect for a load 
of 15 lbs. ? (B. of E., H., Part I., 1902.) 

18. Answer only one of the following: — (o) Describe a laboratory experi- 
ment by which you could find E, Young's modulus of elasticity, for an iron 
wire, 10 feet long and 0'05 inch diameter. How would you secure the 
upper end of the wire? How apply the load? And how measure the 
elongation? How would you plot your results, and how deduce the value 
of E ? About how much elongation would yon expect for a load of 15 lbs. ? 
(b) Sketch an apparatus for determining the coefficient of sliding friction 
between two planed surfaces of oak. If you have made this or a similar 
experiment, describe the behaviour of the sliding piece and any troubles 
you may have had. State how you would conduct the experi- 
ment, BO as to establish the principal facts concerning such friction. 
(B. of E. Adv., 1902.) 

19. In a tensile test of mild steel the original section was a rectangle of 
dimensions 1'96 inches by '4 inch, and the breaking load was 25 tons. 
The extension at fracture, in a length of 8 inches, was 2'44 inches and 
the contracted dimensions were 1"41 inches by "27 inch. Under a load 
of 14 tons (within the elastic limit) the extension in 8 inches was 
•0107 inch. Calculate the stress at breaking point, the percentage ex- 
tension, the percentage contraction of area, and the value of Young's 
modulus. Express an opinion whether the specimen is a good or a bad 
one. (O. & G., 1902, 0., Sec. B.) 

N.B. — ISee Appendices B and Cfor olher questions and answers. 
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Lecture VII. — A.M.Inst.C.E. Exam. Questions. 

1. Sketch a stress-strain diagram for cast iron, mild steel, and gunmetal. 
Indicate on each what are the characteristic points. (I.C.E,, Od., 1897.) 

2. Describe carefully a form of micrometer for determining the elastic ex- 
tensions of a bar. State how its accuracy can be tested. (I.C.E., Oct., 1897.] 

3. Find the relation between the coefficient of direct elasticity and the 
coefficient of rigidity. (I. C. E. , Oct. , 1897. ) 

4. Describe the successive effects of an increasing pull stress applied to a 
specimen of mild steel, and illustrate your answer oy reference to a stress- 
strain diagram sketched to a scale. Define Young's modulus, and illustrate 
its meaning by reference to a stress-strain diagram. (I.C.E., Feb., 1898.) 

5. A specimen of mild steel 1 inch in diameter and 10 inches long between 
the gauge points gives the following results : — ^Yield-point, 15 tons per 
square inch; maximum load, 30 tons per square inch of original area; 
extension, 26 per cent. What results would you expect to obtain in testing 
two other specimens of the same quality of material, one i inch in diameter 
and 5 inches long and the other i inch in diameter and 10 inches long be- 
tween gauge points ? Criticise in this connection the specification : — * ' The 
steel is to have a strength of 28 tons per square inch and to give an elonga- 
tion of 25 per cent, on a length of 8 inches." (I.C.E., Feb., 1898.) 

6. Sketch and describe one form of stress-strain indicator suitable for 
use in tension tests of iron or steel specimens. (I.C.E., Feb., 1898.) 

7. When a 1-inch bolt of mild steel has a screw-thread cut upon its end, 
how will its strength and toughness be affected ? And how will they be 
affected again if the shank is turned down to the diameter of the screw 
inside the thread ? Explain these effects by reference to the stress-strain 
diagram. (I.C.E., Oct., 1898.) 

8. In testing materials under direct tension, describe the manner in 
which a, stress-strain diagram is usually constmcted, explaining what are 
the quantities represented by its co-ordinates; and sketch the typical form 
of such a diagram for a, 10-inch test-bar of mild steel, with explanatory 
remarks. (It is not necessary here to describe the mechanical details of 
any particular apparatus.) (LC.E., Oct., 1898.) 

9. Describe some form of testing machine suitable for performing an 
experiment on stretching a test-piece till rupture occurs. Show how the 
results of such an experiment are exhibited graphically. Sketch the curve 
obtained for a specimen of mild steel, marking the most important points 
with the names commonly applied to them. (LC.E., Oct., 1899.) 

10. Explain the terms "lunit of elasticity," "modulus of elasticity." 
Describe the changes of form which occur when a piece of material is 
stretched or compressed within the elastic limit. Calculate these changes 
in fractions of an inch for a piece of wrought iron of circular section 
2 inches in diameter, 6 feet long, under a pull of 15 tons, assuming 
probable values of the coefficients. (I.C.E., Fd>., 1900.) 

11. Describe fully the several stages of an experiment on the stretching 
of a piece of wrought iron till rupture occurs, stating the average results of 
such experiments. Also explain now the results are influenced oy the form 
of test-piece adopted. (I.C.E., Feb., 1900.) 

12. Find the position of the neutral axis in a cast-iron beam whose 
section haa the following dimensions: — Upper flange 4 inches wide and 
2 inches deep ; lower flange 10 inches wide and 2^ inches deep ; web 
2 ucnes thick ; total depth of section 20 inches. (I.G.E., Feb., 1901.) 
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13. If the elastic twist of a wire ^ inch diameter and 4 feet long from the 
fixed end is 36° with a certain twisting moment, find the twist of the end 
of a wire of the same material i inch diameter and 5 feet long from the 
fixed end, with the same twisting moment. (I.C.E., Oct., 1901.) 

14. In a test of a cylindrical cast-iron beam on a 20-inch span it is 
found that with a load of 660 lbs. in the centre the deflection is 0-027 inch. 
If the diameter of the cross-section is 1*5 inch, what is the modulus of 
elasticity of the material ? What hypothesis is assumed in deducing the 
formula vou use in your calculation ? la it true for such a material as cast 
iron? (I.C.E., Oct., 1901.) 

15. Describe fully the behaviour of a piece of good mild steel during 
a tensile test from the first application of the load until it reaches the 
rupture value. Sketch the stress-strain curve for such a specimen, and 
mark on it the limit of elasticity, the yield point, the maximum load, 
and the rupture load. (I. C. E. , Feb., 1902. ) 

16. Make a sketch of any form of autographic apparatus you are ac- 
quainted with, for causing a stress-strain diagram to be taken during the 
testing of a specimen to destruction in tension. {I.C.U., Feb., 1903.) 

17. What quantities must be recorded in an autographic diagram when 
a specimen is being tested to destruction by torsion in order that the work 
done upon the bar may be found. Draw such a, diagram for a steel bar 
i inch diameter and 8 inches long, and show how to find the work done on 
the bar. (I. C. E. , Feb. , 1903. ) 

N.B. — See Appendices B and Gfor other questions and answers. 
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LECTURE VIII. 
STRENGTH AND ELASTICITY OF COLUMNS. 



Contents. — Short Columns and the Effects of Imperfect Loading — 
Bankine's Rules for the Strength of Columns of Medium Length 
— Proof of Gordon's Formula for Columns — Tables of Constants for 
Bankine's and Gordon's Formulas — Example I. — Long Columns — Proof 
of Euler's Formula for Long Columns — E^mple II. — Questions. 

Short Coliunns and the Effects of Imperfect Loading.*— If a 

cast-iron strut or short column be straight before loading, it does not 
necessarily foUow that the column will remain 
p so when loaded ; because one side of the column 

in cooling may become harder than the other, 
when naturally the softer side would yield 
the most. Or, the load may not be applied 
at the centre, due either to the ends of the 
column not being true and parallel, or the line 
of direction of the load acting to one side of 
the central line of the column. 

If the total load P acts along the axis of 
the short column, the ratio of whose length 
to diameter is not greater than 3 to 1, then 
the column will fail by direct crushing. The 
intensity of compressive stress on the section 
will be — 



• y f-*- 



^■1 



/= 



A' 



Fio. 1. — Sketch of a 
LoABGD Column when 
HiNQED OR Free at 
Both Ends. 



where A = area of cross-section of column. 

Columns of medium length fail partly by 
crushing and partly by bending, triiile very 
long columns fail entirely by bending. 

Kankine's Rules for the Strength of 
Columns of Medium Length.— The late 
Professor Bankine gave the following rules 
for calculating the strength of struts and 
columns. These rules are expressed in terms 
of the least radius of gyration of the section, 
and they are of the greatest importance : 



*See Proc. Inst. C.B., vol. oxxxiv., 1898, for paper on "The Distribu- 
tion of Strain in a Flat Bar subjected to Unsymmetrioal Stress," by 
William Ernest Dalby, M.A., B.Sc, Assoc.M.Inst.C.E. See Shigineering 
October 14th, 1887, for article by Prof. R. H. Smith. See Proc. Inst. O.E.', 
vol. Izxxri., 1886-86, for paper on "The Practical Strength of Columns' 
and of Braced Struts," by Thomas Claxton Fidler, M.Inat.C.E. ' 
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Case (1).^ When, the Oolumm, is Hinged or Free at hoik Bnds. 

Let A = The original straight axis of the column. Taking this line 
as axis of x, and the extremity for origin. 

„ F = Breaking load of the column, 

„ A = Area of cross-section of the column. 

„ I = Length of the column. 

„ y = Co-ordinate of the centre of area of a normal cross-section, 

and the deflection at abscissa x respectively. 

,, A = Maximum deflection of the middle of the column from the 

vertical, or d in the plotted results of Pig. 4. 

)> /cmoit. = Maximum intensity of compressive stress. 

„ fe = Mean compressive stress. 

II /» = Intensity of stress due to bending ^fcmax. -fe. 

„ k'= Least radius of gyration of the cross-section of the column. 

„ c = Coefficient whose value depends upon the material. 

p 

/OfflO«.^*V.. • • • • • • • \^) 

We know, that/s = —^ (see equation V., Lecture XXXII. ). 

But maximum M = P A. .•.ft=^~^. . . (IL) 

Let /> be the radius of curvature of the bent axis of the column, then to 
find the maximum deflection A, we get — 

(|)' = A(2p-A) = 2pA. ■■■^=^^- • ■ (in.) 

fk E 
But, — = — . Consequently, from equation (III.) 

P Pfh P fh 

A = =- = - p = c -, where c is a constant = ~z. 
8/>8Eyy' 8E 

Substituting this value in equation (II. ), we obtain — 

where k is the radius of gjrration, and I = A ^ (see Lecture XXII.), 

Then the maximum intensity of stress in the column 

P / P\ 

fcmax. =/« +/s =/o + <:f'-j^=fc fl + C^l 



Or. 



=l('-5> 



If/omoi. is the maximum stress allowed, and which must not be greater 
than the elastic limit stress in compression of the material, then 

Breaking load = P =-^^^!!2i:-^ (IV.) 

1 + "^ 
Where the radius of gyration k of the section with respect to the axis 
about which the resistance to bending is least — ^viz., the axis about which 
I is least. The steady ^vorking load to be placed upon the column should 
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not be greater than 71 P, where ra = J to ^ for wrought iron and steel, i for 
cast iron, and ^ for wood, whilst for live loads these values should be 
halved. 

Case (2).— When the Column or Strut has one End Fixed and the other 
End Bounded or Jointed. — Then we must substitute 1 1 for I, and we get — 



/.- 






(V.) 



Case (3). — When the Column or Strut has Fixed Ends. — If both ends of 
the column are fixed, then the load which it will carry before bending is 
the same as for a strut of half the length hinged at the ends, and we 

must substitute ^ for I. 

_Jcmax A 



P=-f 



1 + 



4*» 



(VI.) 




IP 

Case (1). Case (2). Case (3). 

f 10. 2. —Sketch showing Columns with Hinged, Hinoed and 
Fixed, and Fixed Ends besfectivei.t. 

Proof of Gordon's Formula for Columns. 

Taking the same notation as that given above for Bankine's formula 

Let d = the greater dimension of the cross-section of column. 

,, 6 = the least dimension of the cross-section of column. 

„ A = d 6 = cross-sectional area of column. 

P PP 

Maximum bending moment, M = P A, but Ax r. . ". M oc -r-. 

M VP PP P 

/j oc jp oc jp 00 jj5 = cfc p, where c is a constant. 



Also, 

Hence, maximum intensity of stress, 

f,ma^. =/. +/j =/. (1 + «^) = I (1 + Op) 



P = 



_/c. 



1-t-C 



6" 



This latter equation, which is known as Gordon's formula, is similar to 
Rankine's one, except that the least breadth of section h is taken instead 
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of k the least radius of gyration, and the value of the constant c modified 
accordingly^. This formula will be true for circular and rectangular 
sections, since the least dimension of cross-section is a function of the 
diameter of the column, but for all other sections the least dimension of 
cross-section is not a simple function of the diameter, hence Bankine'a 
formula is more general than Gordon's. 

Values or the Constants in Bankine's 'Eobmulm. 



Material. 


per Square Inch. 


1 
e. 


Cast iron, 

Wrought iron, 

Mild steel, 

Hard steel, 


35 
16 
21 
30 


1 


1000 

1 


sooo 

7 60ir 

1 


5000 



VALtJES OF THE CONSTANTS IN GoRDON'S FORMULA, 



Material. 


Form ot Section 


Values of e. 


Jomaae, 

in 

Tons 

per 

Square 

Inch. 


Ends 
Rounded 

or 
Pivoted. 


Ends 
Fixed. 


One End 

Fixed 

and the 

Other End 

Pivoted. 


Wrought iron, 

Cast iron, 
Mild steel, . 


L, T, H, ohan-' 
nel, and hollow - 
• square, . 

Hollow round, . 

Solid round, 

Solid rectangular, 

Hollow round, . 

Solid round, . 

Hollow round, . 

Solid round. 

Solid rectangular. 


600 

TUTT 
200 
100 

Ssff 

20 


"sinr 

1 


£00 


19 

17 
16 
16 
35 
35 
30 
30 
30 


3^00 

1 


2000 

1 


22 SU 

sooo 

600 

zhy 

2600 

1 


1460 
1*00 
160 

1 


1400 - 

1 

rso 

T8 6 


1400 

1 


24S0 



13 
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Example I. — State Gordon's formula for the strength of columns, and 
show hovir it is obtained. Apply it to find the breaking load for a 
cast-iron column 8 ruches external diameter, 6| inches internal diameter, 
and 22 feet high. The column has flat ends. Take / = 80,000, and 
a = Tsh!- (I.C.E., Feb., 1898.) 

Answee. — The first part is already answered in the text. 

By Gordon's formula, P = -^° ""'^'f" . 

Where, c = a = Ts^; and /„ max. =/= 80,000 Iba. 

Substituting values in the formula, we obtain — 

p 80,000 X (8° - 6 •5'') X -7854 80,000 x 17 .. 
1 / 22xl2 y ■ ~ 2-77 ••'• 
BOOV 8 / 
491,000 



^ ■''ooov 



2,240 



- = 220 tons. 



hong Columns. — in a long column, the ratio of its length to the least 
radius of gyration may be sufficient to cause the column to fail by lateral 
flexure rather than by direct crushing. Consequently, we have a compound 
stress somewhat similar to that which exists in the short columns with 
eccentric loading. The tendency to lateral flexure in long columns may be 
increased by the eccentricity of the loading caused by the direction of the 
line of action of the load not coinciding with the true axis of the column. 
The strength of long columns has been investigated mathematically by 
Euler and Rankine, and more recently by Professors R. H. Smith, Claxton 
Fidler, and others. 

Proof of Euler's Formula for Long Columns (see Fig. l). 

1st. When the Colwmn is Hinged or Bounded cU the Mnds. — Let OB A be 
the bent axis of the column. Take the origin at O, and the vertical line 
A as the axis of x. Let y be the deflection at the intermediate point e 
of the column, p = radius of curvature, and M = bending moment at xy. 

Then, 



1 M -By 
p ~EI~EI' 


and - = 

i» 


d^y 
~d^- 


Py_ tPy 







^^' EI~ dx'' 

This negative sign is used, because, if we say that the deflection is 
positive, then the centre of curvature must lie on the negative side of O A. 

cPv Pv , , fdv , , ., 

— 3-^ = =r€, add / :7^ ax to each side. 
dx^ El'. J dx 

fdy d'y , P f dy. 

Therefore, (||)'= - ^(y»+ c). 

And, if -T^ = 0, then w = A, the maximum deflection : hence, c = _,- .. . 
ax » . jiiA" 
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VI? T 11 

-p- sin-'i + c 



When a; = 0, y = ; 



Hence, y = A sin /'a; /^^ / '^H"^ i? *^e equation of 

\ 'Y'*'!/ I the elastic curve. 

When x = -r:, v = A. 

• 2 

Therefore, Bin| ^ = 1 , or, i ^ = | ; or. ^; or, ^ ; &c. 

The ZcasJ.value of P, and also the minimum thrust which will bend the 
column, is given by the equation — 

2^11 = 2- Or, P = -^. . (VII.) 

But P = p A, and moment of inertia 1 = Ai?. Substituting these 
values in equation (VII.) — 

2nd. When the Column is Fixed at the one end and Hinged at the other. 
Then. P = jgl=l^ (Vm.) 

3rd. When the Column is Fixed at Both Ends. — If the pillar or strut is 
fixed at both ends, the load which it will stand before yielding is the same 
as for a strut of half the length hinged at the ends. 

„ ir^BI iT^EI 

Then, ^ = ITJ =^W~ <^^-> 

\V 
In this case, the length = j in (7). 

It will be noticed, that Euler's equations are for very long struts loaded 
under ideal conditions, viz. : — 

(1) That the column is originally straight and of uniform section ; 
(2) material of the column is homogeneous ; and (3) the line of action of 
the load coincides with the centre line or axis of the column. 

Professors R. H. Smith and Claxton Pidler have pointed out, that these 
conditions cannot be realised in practice, as there is nearly always some 
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eccentricity due to either imperfection in workmanship, want of uniformitv 
in the modulus of elasticity throughout the column, or journal friction 
occurring in connecting- and ecoentrio-rods. 

K /o max. is the compressive or crushing strength of the material of the 
column and A is the cross-sectional area of the column. 

Then, for short columns, 

Breaking load P =fcmiiz. A. 
Also, according to Euler's formula for very long columns — 
EI 



Breaking load P = 
Then- 
Breaking load P =/oi 



P 



.A = - 



^EI 



JCVi 



(10) 



1+/0. 



'EI 



This equation may he taken as true for columns of all lengths, because 

if i is small, the denominator is I and P =fcma,x. A. 

When the length I of the column is great, 

then we neglect the 1 in the denominator, 

and — 

^^EI 
r-— p-. 

But, I = A i^ where k is the least radius 
of gyration of the section ; then, substituting 
this value in equation (10) — 




b>t-w| 



B (-A- 




P = 



/c. 



l+C 



(11) 



*» 



Where the constant c = 



/c- 



^E 



It is found, that if the constant is calcu- 
lated from the equation, values are obtained 
which make the column too strong, because, 
as already noted, that in practice perfect 
straightness, loading, &c., of the column does 
not exist. 

Therefore, the constants ft max. and c are 
determined from a set of experimental tests, 
and the formula is treated as an empirical one. 
ExAMFLE II. — A rod of steel, 4 inches 
diameter, 10 feet long, acts as a, strut, but 
the resultant load does not act exactly at the 
centre of each end. The inexactness of loading is, say, h ; imagine it the 
same at both ends. If the greatest stress in the material is not to exceed 
20,000 lbs. per square inch, and if Young's modulus is 3 x 10^ lbs. per 
square inch, find the greatest loads for the strut in three cases, first when 
h = O'l inch, second when h = O'Ol inch, third when h is 0. 

(B. of E. Hons., 1904— Teohnios.) 



Fio. 3. — Skbtoh or Steel 
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Answer. — Let I = Length of the unbent strut. 
„ P = Load applied. 

„ h = DiBtanoe of P from neutral axis at either end of 
the strut. 

Consequently, if A B C represents the neutral axis of the strut, and the 
load line P P be chosen as the axis of x, the mid-point of P P is the 
origin and O B the axis of y. The differential equation to the curve into 
which the strut is bent will be — 

^^U=-^y <^) 

Where E is Young's modulus of elasticity of the material, and I is the 
moment of inertia of the cross-section of the strut. 

Equation (1) is derived from the consideration that the curvature of the 
neutral axis at any point is proportional to the bending moment at that 
point. This latter is proportional to y, which is the distance of the point 
from the line of action P P of the applied forces. 

It is also known that the curvature at any point on the curve 

y = Aoos-j-- . . . . (2) 

is proportional to ^ if A is small ; so that we may assume (2) to be the 
equation to the neutral axis of the strut. 

The cosine curve is shown in preference to the sine curve, since y must 
obviously have the same value for numerically equal positive and negative 
values of x. L is a constant to be determined, and we know that it cannot 
be equal to I unless the strut is loaded at the centre, for only in this latter 

case will the neutral axis cut the line P P at a; = + „• 

Substituting from equation (2) in (1), we obtain, after simplifying — 

P = '^. ..... (3) 

When the strut is centrally loaded, and c = i, then equation (3) gives 
Buler's formula for the "crippling load" — i.i., the least load which will 
cause the strut to bend. It is easily seen that when P is less than the 
value given by equation (3), and c has a constant value = I, equation (1) 
can only be satisfied by (2) when A =: 0. 

In this case of the eccentrically loaded strut, by substituting x = i/2 
and y = A in (2), we get — 

'"■''' • i . '"^ ,,, 

y = A cos -^ ; I.e., ft = A cos ^y. . . . (4) 

Let /s = The maximum stress produced in the fibres of the middle 
section of the strut due to bending. 
>i fcmax. = The maximum compressive stress. 
,, /= Maximum compressive stress which the fibres of the strut 

can withstand without passing the elastic limit. 
„ r = The radius of the cross-section of the strut. 

„ A'" The cross-sectional area of the strut = n- r'. 

Then, Pa=-^; or./» = ^ 
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Also, the uniform oompressive stress due to the load P is /o maz. = "r" 
Hence, the greatest compressive stress on the, strut is — 



/=/. 



o max. "T Jb — A "^ 



PAr 



-K±-¥> 



P = 



/A I 



I + AAr- <®' 

Substituting this value for P in equation (3), and simplifying, we obtain- 

fA I + AAr" 



(6) 



Equations (6) and (4) form two simultaneous equations in the unknown 
quantities A and I. When the deflection A has been calculated from these 
equations, the maximum permissible load can be obtained by substituting 
in (5). 

The simultaneous equations (6) and (4) can be solved graphically. The 
corresponding curves are plotted, and the co-ordinates of their point of 
intersection give the required values of A and L. The curve A B in the 
figure is the graph of the equation — 
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Fig. 4. — Plotted Results, showing the Relations of the 
Deflections to the Lengths of the Strut. 

In plotting this curve, various values of L greater than i! = 120 inches 
were assumed, and the corresponding values of deflection A were calculated 
The other two curves in the figure are graphs of the equation — 



A = ■ 



'2L 



where I = 120. and h has the values '1 and '01 respectively. 



EXAUPLE ON EULBR's FORMULA FOR LONG COLUMNS. 199 

It is found, that the curve for h — -1 cuts AB at a point corresponding 
to A = -295. Substituting this value in (5), we get P = 1 -58 + 10° lbs. 
The curve for h = 01 intersects the curve A B at a point corresponding 
to A = -085. Substituting in (5), we obtain P = 2-14 + 10=. 

When the loading is central, h = 0, and we must substitute L = Z = 120 
in (3). This gives P = 258,000 lbs. for the " crippling loa^," by Euler's 
formula — i.e., the least load which will produce bending. 

The maximum load which can be sustained by the strut without 
crushing is — 

/A = 2 X 10* X 12-56 = 251,200 lbs. 

Therefore, when the strut is loaded centrally, it breaks from crushing, 
without bending, when the load is equal to 251,200 lbs. 

Thus— When A = 0, P = 251,200 lbs. 

„ h= -001, P = 214,000 lbs. 

„ h= 01, P = 158,000 lbs. 

In order that Euler's equation for the crippling load may not be 
misunderstood, a short explanation may be useful. If the central load is 
less than that calculated from (3), when li = l, the strut will not bend, 
though it may fail from crushing. 

What happens when the load is equal to that given by (3) ? 

The left-hand side of equation (1) represents the resisting moment at a 
-eotion xy oi the strut, while the right-hand side represents the turning 
moment at the same section. The equation to the neutral axis is given by 
equation (2), and, substituting it in (1), we obtain — 

T^EI . irx -r, . -tx ,_. 

, „ A cos ^ = P A cos -^. . . . (7) 

When the loading is central, L has the constant value I ; and, since both 
sides of equation (7) are proportional to A, it follows that if bending 
increases, the moment producing this bending increases at the same rate 
as the moment to stresses in the fibres of the strut which opposes bending. 
Consequently, the load given by (3), which can just cause bending to 
commence, is sufficient to bend the rod to any extent. When the fibres 
are stressed beyond their elastic limit, the resisting moment increases more 
slowly than the bending moment, because the deflection increases and the 
strut breaks. Hence we see, that when the load attains the value given 
by (3) the strut becomes unstable, whatever may be its strength under 
crushing or tension. When the strut is eccentrically loaded, equation (4) 
shows, that L must diminish as A increases, so that the left-hand side of 
(7) increases at a greater rate than the right-hand side, and stability is 
secured unless the stresses in the fibres exceed the limits of elasticity. 
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LeCTCEB Vni. — QnBSTIONS. 

1. A cast-iron column is straight before being loaded, will it remain so 
when loaded? If so, why? If not, why not ? 

2. Illustrate and prove Rankine's formulae for the three oases of fixing 
vertical columns. 

3. illustrate and prove Gordon's formulas for the three cases of fixing 
vertical columns. State the difference between Rankine's and Gordpn'e 
formulae. 

4. Why do long columns fail to support loads ? Prove Euler's formulse 
for long columns. 

5. What are the ideal conditions of loading which satisfy Euler's equa- 
tions for the loading of long columns, and why ? 

6. A cast-steel column, 6 inches outside, 4 inches inside diameter, and 
20 feet in length, is used as a strut, witli the direction of the resultant 
load ( I ) centrally and (2) 'S inch from, but parallel to, its central axis. Lee 
the greatest stress per square inch be 25,000 lbs. and Young's modulus 
3 X 10' lbs. per square inch ; find the greatest load which the column will 
sustain in each case. Plot your results to scale. 

7. A structure has a hollow circular section 10 inches outside diameter 
and 8 inches inside. The resultant of all the loads and supporting forces 
acting on one side of the section has a component of 30 tons normal to the 
section, and it acts at 2 inches from the centre ; find the maximum and 
minimum stresses in the section. (S. & A. H., Part I., 1899.) 

8. A solid wrought-iron cylindrical strut is 8 feet 4 inches long, and has 
its ends solidly built in : assuming it has only a pure compressive load of 
24 tons to support, what must be the diameter if the working load is only 
Jth of the collapsing load? (C. & 6., 1900, H., Sec. A.) 

9. It is known that a solid cast-iron column of 4 inches diameter and 
7 feet in length would collapse under a load of 17*5 tons per square inch : 
what total load could you allow the column to support with a factor of 
safety of 8? (C. & G., 1900, O., Sec. B.) 

10. How much would a cast-iron column 12 feet long shorten under a 
load of Si tons per square inch, if it is a hollow section 8 inches in 
external diameter and 1 inch thick? The modulus of elasticity of cast 
iron in compression is 12,500,000 lbs. per square inch. What total com- 
pressive load wiU this column support under the above stress per square 
inch? (C. & G., 1901, O., Sec. B.) 

1 1. Explain why the resistance of a long strut depends more on the stiff- 
ness of the material than on its strength. Quote any formula which ir 
used in the design of long struts. (C. & G., 1902, 0., See. B.) 

N.B. — See Appendices B and G for otiier questions and answers. 
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Lecture VIII. — A.M.Inst.C.E. Exam. Questions. 

1. Explain the general relation between the formula for simple crushing 
and Gordon's and Euler's formulas for long columns. Putting I for the 
length and d for the diameter of a column, show by a sketch the relation 

of the Results of applying the three formulae for different values of -r for 
columns of the same section. (I.C.E., Oct., 1897.) 

2. Prove Euler's expression for the limit of elastic stability of struts, and 
explain in how far you consider it applicable to such columns and other 
struts as are commonly used in engineering structures. (I.C.E., i''e6., 1898.) 

3. A hollow cylindrical tower of steel plate having an external diameter 
of 3 feet, a thickness of | inch, and a height of 60 feet, carries a central 
load of 50 tons, and is subjected to a horizontal wind pressure of 56 lbs. per 
foot of its height. Calculate the vertical stresses at the fixed base of the 
tower, on the windward and on the leeward side. (I.C.E., Oct., 1898.) 

4. Prove that the deflection curve of a slender elastic column, in the 
incipient stage of buckling, is identical with the curve of a flexible chain 
under a load whose varying intensitjr at different points is proportional to 
the depth of the chain below the horizontal chord-line joining the points of 
suspension. (I.C.B., Oct., 1898.) 

5. What conclusions may be directly drawn from Euler's formula, in 
regard to the relative strength of columns having the same dimensions, but 
constructed of such different materials as cast iron, wrought iron, and 
steel ? State generally what are the conditions under which the formula 
would be nearly correct, and those under which it would be quite at 
variance with experiment. (I.C.E., Oct., 1898.) 

6. Describe carefully the way m which a strut gives way when exposed 
to a gradually increasing crushing load, considering especially the differ- 
ences due to difference in the ratio of length to diameter. Write down 
formulae for the crushing load — (a) for very long, (6) for very short struts ; 
also give any formula in common use for intermediate oases. Explain the 
effect of different ways of fixing the ends. {I.C.E., Oct., 1899.) 

7. Find the greatest height to which a cylindrical column 4 feet 
diameter can safely be built so as to be stable under a wind pressure 
of 20 lbs. per square foot of a vertical diametrical section, the weight of 
the material being taken as 120 lb per cubic foot. Find the line of 
resistance in this case, and state the relation between the diameter of a 
column and its height for the same degree of stability under wind 
pressure. (I.O.E., Feb., 1900.) 

8. A solid square pillar 10 feet in height, with a section 2 feet by 2 feet, 
and weighing 50 cwts., is subjected to a horizontal wind pressure of 28 lbs. 
per square foot on one side. Assuming its material to be uniformly elastic, 
find the intensity of compressive stress at the leeward edge and at the 
windward edge of its base. (I.C.E., J^'ei., 1901.) 

9. A hollow cast-iron column is 9 inches in external diameter, its length 
is 12 feet, and its two ends are firmly built in. The compressive load it 
supports is 60 tons. What thickness must the metal be in order to have a 
factor of safety of 10 ? (I. C. E. , Oci. , 1901 . ) 

' 10. Find the greatest height to which a cylindrical stone column can be 
built if it is to be stable under the pressure of a wind which may reach a 
pressure of 45 lbs. per square foot on a flat surface normal to the wind 
direction. The weight of the material being 145 lbs. per cubic foot, find 
where the line of resistance will cut the base. (I.C.E., Feb., 1902.) 
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11. A solid caat-iron column is 5 inches in diameter and 9 feet 7 inches 
long. What total load will it support if the ends are firmly built in and 
the working load is not to exceed one-ninth of the 
crushing load. (I.C.B., i*'e6., 1902.) 

12. A cube of iron is in compression, the load is 

applied to one face on the centre line parallel to the 

sides in one direction, but is not at the centre of 

that line. Show that, if it deviates by one-sixth the 

length of the side from the centre of the face to 

which it is applied, there is no stress at the edge 

further from the load, and that, at the near edge the 

intensity of compression is twice the average intensity, 

(I.C.B., Oct., 1902.) 

13. Show how Kankine's formula for the breaking load of long colums is 

derived, and explain why a member in constant cross-section in compres- 

eion is weaker as its length increases. (I.C.E., Feb., 1903.) 

N.B. — jSee Appendices B and Gfor other queatione and answers. 
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APPENDIX A (p. 204 to p. 209). 

(i. ) General Instructions by The Board of Education for their Examina- 
tions on Applied Mechanics. 

(ii.) General Instructions by The City and Guilds of London Institute 
for their Examination on Mechanical Engineering. 

(iii.) Rules and Syllabus of Examinations by The Institution of Civil 
Engineers for Election of Associate Members. 

APPENDIX B (p. 210 to p. 245). 

(i.) Board of Education's Exam. Papers in Applied Mechanics, Stages 2 
and 3. The City and Guilds of London Institute's Honours 
Exam. Papers in Mechanical Engineering. And, The Institution 
of Civil Engineers' Exam. Papers in Strength of Materials, 
arranged in the order of the Lectures. 

(ii.) All new Answers to Questions for the respective Lectures are 
tabulated under the two main headings— either Board of Education 
and City and Guilds or Institution of Civil Engineers. 

APPENDIX C (p. 246 to p. 249). 

The latest Exam. Papers pertaining to Strength and Elasticity of Materials 
and set "by the governing bodies enumerated under Appendix A. 

APPENDIX D (p. 250 to p. 255). 
Tables of Constants, Logarithms, Antilogarithms, and Functions of Angles. 
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MAY EXAMINATION ON SUBJECT VIlA. 
APPLIED MECHANICS.* 

BY TBE BOARD OF EDUCATION SECONDARY BRANCH, 
SOUTH KENSINGTON, LONDON. 



GENERAL INSTRUCTIONS. 
If the rules are not attended to, your paper will be cancelled. 

Immediately be/ore the Examination commences, the following 

REGULATIONS are TO BE READ TO THE 

CANDIDATES. 

Before commencing your work, you are required to fill up the numbered 
Blip which is attached to the blank examination paper. 

You may not have with you any books, notes, or scribbling paper. 

You are not allowed to write or make any marks upon your paper of 
questions, or to take it away before the close of the examination. 

You must not, under any circumstances whatever, speak to or communi- 
cate with one another, and no explanation of the subject of examination 
may be asked or given. 

You must remain seated until your papers have been collected, and then 
quietly leave the examination room. None of you will be permitted to 
leave before the expiration of one hour from the commencement of the 
examination, and no one can be re-admitted after having once left the room. 

Your papers, unless previously given up, will all be collected at 10 
o'clock. 

If any of you break any of these rules, or use any unfair means, you will 
be expelled, and your paper cancelled . 



Before commencing your work, you must carefully 
read the following instructions :— 

Camdidates who have applied for examination in the Elementary Stags 
triiiat confine themselves to that stage. Candidates who have not allied to 
iahe the Elementary Stage may take Stage S, or Stage S, or, if eligible, 
Honours, but they must confine themselves to one of them. 

Put the number of the question before your answer. 

You are to confine your answers strictly to the questions proposed. 

Such details of your calculations should be given as will show the 
methods employed in obtaining arithmetical results. 

A table of logarithms and functions of angles and useful constants 
and formulae is supplied to each candidate. (See end of Appendix to 
this Book.) 

The examination in this subject lasts for three hours, 
*See Appendix Q for the latest Exam. Papers, 
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DEPARTMENT OF TECHNOLOGY. 



TECHNOLOGICAL EXAMINATIOJYS. 



46.— MECHANICAL ENGINEERING.* 

HoNOUBS Gbade (Written Examination). 

Instructions. 

The Candidate for Honours must have previously passed in the Ordinary 
Grade, and is required to pass a Written and Practical Examination. He 
is requested to state, on the Yellow Form, whether he has elected to be 
examined in A, Machine Designing, or in B, Workshop Practice (a) Fitting, 
(b) Turning, (c) Pattern maMng. Candidates in Machine Designing must 
forward their work to London not later than May 6th, t and in Workshop 
Practice not later than May ISth.t 

The number of the question must be placed before the answer in the 
worked paper. 

The Candidate is at liberty to use divided scales, compasses, set squares, 
calculators, slide rules, and mathematical tables. 

Five marks extra will be awarded for every answer worked out with the 
slide rule, provided the method of working is explained. 

The maximum number of marks obtainable is affixed to each question. 
Three hours allowed for this paper. 

The Candidate is not expected to answer more than eight of the following 
questions, which must be selected from two sections only. 

* The questions in Sections A and C may be answered from Vols. I. to 
V. of my Text-Book on Applied Mechanics. Section B is printed in my 
Text-Booh on Steam a/nd Steam Engines. The Questions for the Ordinary 
Grade are printed at the end of my Elementary Manual on Applitd 
Mechanics. 

* See Appendix Cfor the latest Exam. Papers. 

f These dates are only approximate, and subject to a slight alteration 
each year. 
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Extracts from Rules and Syllabus op Examinations fob 

ELECTION OF ASSOCIATE MEMBERS. 

Note. — Engineers who desire to enter for the A.M.Inst.C.E. examina- 
tions should write cU once to the Secretary, Great Oeorge Street, West- 
minster, S.W., for the complete Rules, Syllabus, and Application Forms. 
They will find all the questions relating to the above mentioned subjects 
which have been set since these examinations commenced in 1897 in my 
Text-Books. 

The following extracts are simply printed here to show how far my books 
npon Applied Mechanics and Mechanical Engineering; Steam and Steam 
Engines, indvding Turbines and Boilers; as well as Magnetism and Electricitjf 
(including Munro & Jamieson's Pocket-Book of Electrical Rvlet and Tables), 
together with my " Correspondence System of Electrical and Medianical 
Engineering Science, as taught hy Exercises, Drawings, and Instructions" 
cover the Scientific and Practical Knowledge demanded by the Institution, 
under Part II., Section A (1, 2, 3a, and 3b), as well as Section B under 
Group!., Theory of Heat Engines; Oroup ii., Hydraulics and Theory of 
MacMnes ; and Group iii.. Applications of Electricity. 

Note for Students. — In the regulations for Students one of the subjects 
which may be selected is that of Elementary Mechanics of Solids and 
Fluids, for which see my Elementary Applied Mechanics when studying 
this subject. Also, see my Elementary Magnetism and Electricity book 
when reading that part of the Elementary Physics for admission of 
Students, or correspond with me re those two subjects. 

Pabt ii.* — Scientific Knowledge. 
Section A. 

1. Applied Mechanics (one Paper, time allowed, 3 hours), 

2. Strength and Elasticity of Materials (one Paper, time allowed, 
8 hours), 

* Candidates may offer themselves for examination in Sections A and B 
of Part II. together ; or they may enter for Section A alone, and, if suc- 
cessful, may take Section B at a subsequent examination. In the latter 
case, however, such candidates will not be allowed to present themselves 
for examination in Section B unless or until they are actually occupied in 
work as pupils or assistants to practising Engineers. The Council may 
permit Candidates who have attempted the whole of Part II. at one 
examination, and have failed in Section B only, to complete their qualifica- 
tion by passing in that section at a subsequent examination, subject to 
their being then occupied as above stated. 
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3. Either (a) Theory of structures. 

or (6) Theory of Electricity and Magnetism (one Paper, 
time allowed, 3 lumra). 

Section B. 

Two of the following nine subjects — ^not more than one from any group 
(one Paper in each subject taken, time allowed, 3 hourafor each Paper) :— 

Group i. Group ii. Group iii. 

Geodesy. Hydraulics. Geology and Mineralogy. 

Theory of Heat Theory of Machines. Stability and Resistanco 

Engine!!. Thermo- and Electro- of Ships. 

Metallurgy. Chemistry. Applications of Elec- 

tricity. 

Mathematics. — The standard of Mathematics required for the Papers in 
Part II. of the examination is that of the mathematical portion of the 
Examination for the Admission of Students, though questions may be set 
involving the use of higher Mathematics. 

The range of the examinations in the several subjects, in each of which 
C choice of questions will be allowed j; indicated generally hereunder : — 

Sbotzon a. 

1. Applied Mechanics: — 

Statics. — Forces acting on a rigid body ; moments of forces, composition, 
and resolution of forces ; couples, conditions of equilibrium, with applica- 
tion to loaded structures. The foregoing subjects to be treated both 
graphically and by aid of algebra and geometry. 

Hydrostatics. — Pressure at any point in a gravitating liquid ; centre of 
pressure on immersed plane areas ; specific gravity. 

Kinematics of Plane Motion. — Velocity and acceleration of a point; 
instantaneous centre of a moving body. 

Kinetics of Plane Motion. — Force, mass, momentum, moment of 
momentum, work, energy, their relation and their measure ; equations of 
motion of a particle ; rectilinear motion under the action of gravity ; 
falling bodies and motion on an inclined plane ; motion in a circle ; centres 
of mass and moments of inertia ; rotation of a rigid body about a fixed 
axis ; conservation of energy. 

2. Strength and Elasticity of Materials: — 

Coefficients of elasticity ; elastic resistance to tension, compression, 
shearing, and torsion ; uniform and varying stress ; moment of stress 
and of resistance in beams of various sections ; distribution of shearing 
stress in beams ; stresses suddenly applied and effects of impact ; buckling 
of struts ; effect of different end-fastenings on their resistance ; combined 
strains ; calculations connected witli statically indeterminate problems as 
beams supported at three points, ko.; limit of elasticity, yield-point, and 
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ultimate resistance of various materials as tested : the plastic state ; 
principal forms of testing machines and of appliances used in measure- 
ments for the determination of coefficients of elasticity ; calculation of 
extension, deflection, buckling, c&o., within elastic limits, and of ultimate 
strength and ductility for ordinary materials of construction. 

3. (a) Theory of Structures: — 

Graphic and analytic methods for the calculation of bending moments 
and of shearing forces, and of the stresses in individual members of 
framework structures loaded at the joints ; plate and box girders ; incom- 
plete and redundant frames ; theory of continuous girders and principal 
methods of calculation ; travelling loads ; riveted and pin-joint girders ; 
rigid and hinged arches ; strains due to weight of structures ; theory of 
e:irth-pressure and of foundations ; stability of masonry and brickwork 
structures. 

3. (b) Theory of Electricity and Magnetism; — 

Electrical and magnetic laws, units, standards, and measurements ; 
electrical and magnetic measuring instruments ; the theory of the 
generation, storage, transformation, and distribution of electrical energy ; 
continuous and alternating currents; arc and incandescent lamps; 
secondary cells. 

Section B. 
Group i. Theory of Heat Engines: — 

Thermodynamic laws ; internal and external work ; graphical repre- 
eentajtion nf changes in the condition of a fluid ; theory of heat engine* 
working with a perfect gas ; air- and gas-engine cycles ; reversibility, 
conditions necessary for maximum passible efficiency in any cycle ; pro- 
perties of steam ; the Carnot and Clausius cycles ; entropy and entropy- 
temperature diagrams, and their application in the study of heat engines ; 
actual heat engine cycles and their thermodynamic losses ; effects of 
clearance and throttling ; initial condensation ; testing of heat engines, 
and the apparatus employed ; performances of typical engines of different 
classes ; efficiency. 

Group ii. Hydraulics: — 

The laws of the flow of water by orifices, notches, and weirs ; laws 
of fluid friction ; steady flow in pipes or channels of uniform section j 
resistance of valves and bends ; general phenomena of flow in rivers : 
methods of determining the discharge of streams ; tidal action ; genera- 
tion and effect of wavfes ; impulse and reaction of jets of water ; trans- 
mission of energy by fluids ; principles of machines acting by the weight, 
pressure, and kinetic energy of water ; theory and structure of turbines 
and pumps. 

Theory of Machines: — 

Kinematics of machines ; inversion of kinematic chains; virtual centres; 
belt, rope, chain, toothed and screw gearing; velocity, aocoleration 
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and effort diagrams ; inertia of reciprocating parts ; elementary cases of 
balancing ; governors and flywheels ; friction and efficiency ; strength and 
proportions of machine parts in simple oases. 

Group iii. Applications of Electricity : — 

Theory and design of continuous- and alternating-current generators and 
motors, synchronous and induction motors and static transformers ; design 
of generating- and sub-stations and the principal plant required in them ; 
the principal systems of distributing electrical energy, including the 
arrangement of mains and feeders ; estimation of losses and of efficiency ; 
principal systems of electric traction; construction and efficiency of the 
principal types of electric lamps. 



Candidates should see, that all their " Forms" are dvly completed and 
passed by the Council of the Institution of Civil Engineers, Great 
George Street, Westminster, S.W., iefore Ist January for the Feb- 
ruary Examination, and 'before the 1st September for the October 
Examination. Candidates should, therefore, apply to the Secretary 
for the "Forms," at least six months hefore these Examinations, to 
give them time to make due and proper Application, and to 
thoroughly Revise the subjects upon which they are to be examined 
with an experienced Guide and Tuition by Correspondence. 

Examinations Abroad.— The papers of the October Examination 
only will be placed before accepted Candidates in India and the 
Colonies. To enable the Secretary to make arrangements for the 
Application Forms and Fees, &c., of these Candidates, their Forms, 
&c. , must be in the Secretary's hands, before the 1st June preceding 
the October Examinations. 
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Lecture I. — Ordinary Questions. 

1. Steel wire, ^ inch diameter, is supplied in coils, 3 feet diameter. 
Find the bending moment and the stress induced by coiling the wire on a 
mandril 2 feet in diameter, keeping the direction of curvature unaltered. 
You may assume that Young's modulus is 13,000 tons per square inch. 

(C. &G., H., Sec. A, 1903.) 

2. A crane chain, of sectional area 1 square inch, carries a weight of 
1 ton, which is being lowered at a uniform rate of 2 feet per second. When 
the length of chain unwound is 30 feet, the weight is suddenly pulled up. 
Estimate the stress induced in the chain due to the sudden stoppage, 
stating any assumptions involved, and taking Young's modulus for the 
chain to be 30 x 10" lbs. per square inch. (C. & G., H., Sec. A, 1904.) 

3. Estimate the thickness of a steam pipe of 1 5 inches internal diameter, 
BO that when the internal pressure is 200 lbs. per square inch the stress in 
the material does not exceed 4,000 lbs. per square inch. If the pipe be 
wound initially with a single layer of wire, J inch diameter, with a winding 
stress of 3,000 lbs. per square inch, find the initial stress in the material of 
the pipe due to winding, and the stresses in the wire and pipe when the 
internal pressure of 200 lbs. per square inch is applied. For the purposes 
of the question the pipe may be assumed thin. (C. & G., H., Sec. A, 1904.) 

4. It was necessary to test a certain part of a machine with a load of 
30 tons, but it was only possible to apply load by the tightening of a long 
steel bolt and to measure the load by the lengthening of the bolt. The 
bolt was 2J inches diameter; the distance between two shoulders was 102 
inches when unloaded. How much was the distance increased when the 
load was just 30 tons ? The Young's modulus of the material was known 
to be 3 X 10' lbs. per square inch. It was found that the bolt did not 
take a set. (B. of E., S. 2, 1904.) 

5. A 4-inch steel shaft (Young's modulus 3 x 10' lbs. per square inch), 
6 feet long between bearings which control its position but not its direc- 
tion, has at its middle a wheel weighing J ton whose centre of gravity is 
0'02 feet away from the axis of the shaft, neglect the inertia of the shaft 
itself and find the greatest bending moment in the shaft when it makes 
800 revolutions per minute. Notice that the balance is more and more 
untrue at higher speeds. [Formula for deflection of uniform beam of 
length I, supported at the ends, loaded at the middle W ^/48 B I. 
Arithmetical error is easy if dimensions are not kept in feet.] 

(B. of E., S. 3, 1904.) 

6. Explain how a thick cylinder may be strengthened against internal 
pressure (i. ) by chilling the inside layers during cooling, (ii. ) by building the 
cylinder in hoops, each hoop being shrunk over the preceding one. A 
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hydraulic cylinder, having an internal diameter of 5 inches, is subjected to 
an internal pressure of 2 tons per square inch. If the greatest safe stress 
in the material is 4 tons per square inch, estimate the thickness of metal 
required, (C. & G., H., Sec. A, 1905.) 

7. The cylinder of a hydraulic accumulator is 9 inches diameter inside. 
What thickness of metal would be required for internal pressure of 700 
lbs. , the maximum tensile stress in the metal being 2, 100 lbs. ? What is 
the stress at the outer surface of the cylinder ? (C. & U., H., Sec. A, 1906. ) 

8. A rivet is subjected to a shear stress of 5 tons per square inch, and a 
tensile stress, due to contraction in cooling, of 3 tons per square inch. 
Estimate the maximum direct and shear stresses in the rivet. 

(C. &G.,H., Sec. A, 1906.) 

9. Explain the diflference between the action of a gradually applied load 
and one applied suddenly, as, for example, when the load attached to a 
crane chain is suddenly stopped. A rod, 5 feet long and 1 square inch 
section, hangs from the top and has a collar at its bottom end. A load of 
200 lbs. falls J inch on to the collar. Find the maximum stress induced 
and compare it with the static stress, E = 29 x 10' lbs. per square inch. 

(C. &G., H.,Sec. A, 1907.) 

10. A bar of steel, 4 inches wide and f of an inch thick, and a bar of 
brass, 4 inches wide and 1 inch thick, are placed side by side and firmly 
riveted together at the ends, thus forming a composite bar 4 inches wide 
and 1| inches thick. This composite bar is then subjected to a total pull 
of 16 tons. Determine, in tons, the total load carried by each of the two 
bars. E, for steel, is 13,500 tons per square inch, for brass, 4,000 tons per 
square inch. How much would this bar elongate under this load if its 
original length was 24 inches ? (B. of E., S. 3, 1908.) 

11. Show how to determine the distribution of stress in a tension 
member, when the line of action of the load is parallel to the axis of thu 
specimen. An eye bar for a bridge is 8 inches by 1 inch in cross-section, 
and the total load upon it is 84,000 lbs. Owing to the ends not being 
truly bored, the pin centres are both J inch out of line on the same side of 
the axis of the member. Calculate the maximum and minimum stresses 
on the section, and show by a diagram what the stress is at any point. 

(C. &G., H., Sec. A, 1908.) 



Lecture II.^-Ordinaby Questions. 

1. State clearly what occurs at a cross-section of a loaded beam. Prove 
the rule as to the position of the neutral line. (B. of E., S. 2, 1904.) 

2. What is the relation between the bending moment and the shearing 
force in the case of a beam subjected to both ? Explain how the respective 
diagrams show this. Draw bending moment and shearing force diagrams 
for a beam loaded as follows : — A uniforiuly distributed load of 3 owts. per 
foot run covers § of the span from one abutment, and the span is 60 feet. 
Mark on your drawing the position and amount of the maximum bending 
moment. (B. of E. , S. 3 , 1904. ) 

3. A rolled steel joist 12 inches deep, with flanges 4 inches wide, and 
1 inch thick, and a web i inch thick, supports a wall over a span of 14 feet, 
the weight of the wall being equivalent to a disturbed load of 1,600 lbs. 
per foot run. In addition to this load another cross-girder rests on the 
centre of the rolled joist, and transmits to it a load of 2 tons. Find, 
neglecting the weight of the joist, (a) the maximum bending moment in 
this joist in inch-lbs. ; (i) the maximum shearing force in lbs. ; (c) the 
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maximum intensity of the tensile and compressive stresses in the flanges of 
the joist. (-B. of B., S. 2, W06.) 

4. State the general geometrical connection between the curves of loads, 
shearing force and bending moments ; and, given the curves of weight and 
buoyancy for a floating body (such as a ship), ejsplain how a curve of 
bending moments may be obtained. (C. & Cr., H., Sec. A., 1906.) 

5. The sketch shows the frame of a tandem bicycle. Calculate and 




draw bending moment and shear diagrams for this frame when each of the 
two riders weighs 150 lbs., 30 lbs. of the weight of each rider being assumed 
to be borne at the driving axle centres. (B. of E., S. 3, 1907.) 

6. A beam of 30 feet span, supported at the ends, carries a load which 
varies uniformly from 1 ton per foot of the beam at the left-hand end to 
4 tons per foot of beam at the other end. Determine {a) the supporting 
forces, (b) the magnitude of the maximum bending moment and the position 
of the section in which it acts, (c) the magnitude of the maximum shearing 
force and the position of the section in which it acts. Sketch complete 
bending moment and shear diagrams for this beam. What do you mean 
by bending moment? (B. of E., S. 2, 1908.) 



Lecture III.— Ordinary Questions. 

1. A plate web girder, of 80 feet clear span, is 6 feet deep and has booms 
which are 3 feet wide. If the total uniformly distributed load which the 
girder carries is 120 tons, obtain a suitable section for the booms at the 
middle of the span. Design also a suitable cover plate for one of the boom 
plates. The safe stress in .tension, compression, and shear may be taken 
as 5 tons per square inch. (0. & G., H., Sec. A, 1903.) 

2. A beam of uniform section is built into the walls of a house. If one 
wall afterwards settles an amount d without disturbing the horizontal 
direction of the ends of the beam, show that the maximum stress induced 
in the beam due to the settling is 3 Ehd/P, in which h is the depth and I 
the span of the beam, and E the value of Young's modulus for the beam 

A , , ,o ■ u .. ^ . (C. & G., H., Sec. A, 1904.) 
S. A wooden plank, 12 mohes wide and 3 inches thick in section, rests 
freely on two supports in the same horizontal level which are 20 feet apart 
A mail weighing 12 stone stands in the middle of this plank carrying on 
his shoulder a hod of bricks which weighs 84 lbs. Find— (a) The maximum 
stress at the central section due to this load and the weight of the plank 
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( 1 cubic foot of wood weighs 46 lbs. ) ; (6) the deflection in the centre, if 
Young's modulus of elasticity is 1,600,000 lbs. per square inch. 

Note. — The numerical coefficient in the usual formula for the deflection 
of a beam when loaded in the centre is ^*j, and, when uniformly loaded, 
^i. (B. of E., S. 2 and 3, 1905.) 

4. A ladder, hinged at the top, rests on a smooth horizontal plane. 
The lengths of the two legs are 6 feet and GJ feet respectively, and the 
distance apart of their feet is 4 feet. They are connected by a horizontal 
string 4^ feet below the apex. If a man, weighing 140 lbs., stands on 
the longer leg at a distance of 2 feet from the apex, find the pull on 
the string, and sketch the bending moment dia- 
grams for the two legs. 

(C. &G.,H., Sec. A, 1905.) 

5. Why, in an ordinary cast-iron girder, is the 
top flange generally made of less sectional area 
than the bottom flange ? A small cast-iron girder 
is, in section, as shown in the figure. Estimate 
the ratio of the stresses on the top and bottom 
fibres, and show, by a sketch, how the bending 
stress varies across the section. i „ I 

(C. & G., H., See. A, 1905.) ••* ^ ^ 

6. A steel cable consists of 6 strands, with 7 wires in each strand, the 
diameter of the wire being ^ inch. It is wound round a drum 14 feet 
diameter and carries a cage at its extremity. Calculate the stress due to 
bending; and if the greatest stress allowed is 11 J tons per square inch, 
estimate the greatest weight of cage, &c., that ought to be carried. 
E = 13,000 tons per square inch. (C. & G., H., Sec. A, 1906.) 

7. A cast-iron water main, 30 inches in internal diameter and IJ inches 
thick, is carried across a stream underneath a road bridge. If the main is 
unsupported for a length of 16 feet, find the maximum intensity of tensile 
stress in the metal due to the bending produced by the weight of the water 
and the weight of the pipe itself. If E = 12,000,000 lbs. per square inch, 
how much will the pipe sag in the centre of the 16 feet ? Assume the pipe 
to be a beam fixed at the ends. One cubic inch of cast iron weighs 
0-26 lb. (B. of E., S. 2 and 3, 1907.) 

8. A steel rolled joist rests on two supports which are 12 feet apart ; 
the depth of the section of the joist is 10 inches and the moment of inertia 
of the cross-section about the neutral axis is 122 in inch imits. From what 
height must a weight of J of a ton fall upon the centre of this beam if the 
maximum stress produced is not to exceed 20,000 lbs. per squafe inch. 
(E = 30,000,000 lbs. per square inch.) (B. of E., S. 3, 1907.) 

9. A bar of iron, 2 inches diameter, is bent into the arc of a circle by 
subjection to a bending moment of 5,000 lb. -inches, the value of E being 
29 X 10^ lbs. per square inch. Find (i.) the greatest stress at any section 
of the bar, and (ii. ) the radius of the circle into which the bar is bent. 

(C. &G., H., Sec. A, 1907.) 

10. When bending moment is applied to the section of a beam which is 
already curved, we can calculate the change of curvature. What is the 
rule? Prove it to be correct. (B. of E., S. 2, 1908.) 

11. A rolled steel joist of the following cross-section: — Depth of section, 
16 inches ; width of flanges, 6 inches ; thickness of flanges, | inch ; thick- 
ness of web, -rj inch — is firmly built at either end into masonry walls 
which are 6 feet apart. Upon the centre of the 6-feet span of the joist, a 
built-up steel column rests and transmits to it a total load of 50 tons. 
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Determine the maximum intensity of tensile and compressive stresses in 
the joist and the deflection in the centre. (B. of E., S. 3, 1908.) 

12. A 15-inch I beam has a section which may be represented approxi- 
mately by two rectangular flanges 6 inches by f inch connected by a web 
j inch thick. Calculate the moment of resistance of this section for a 
stress of 12,000 lbs. per square inch. i\lso determine the increase of 
strength of the section if a plate 12 inches by J inch is riveted to each 
flange, allowance being made for two rows of ^-inch rivets in each flange. 

(C. &G., H., Sec. A, 1908.) 




,--• 



Lectcre IV. — Ordinary Questions. 

1. If a shaft 4 inches in diameter will safely withstand a torque of 
120,000 lb. -inches, what torque would a 9-inoh shaft take? What H.P. 
woiild the former shaft transmit at 200 revolutions per minute, and 
what would the latter transmit at 50 revolutions per minute ? What do 
you mean by shear stress in a shaft ? (B. of E., Adv., 1903.) 

2. The crank-shaft of a single cylinder engine is as shown in the figure. 

The work is absorbed at one end 
and the bearings may be assumed to 
exercise no constraint on the shaft. 
When the connecting - rod is per- 
pendicular to the crank - arm, the 
effective force in the rod is 30 tons. 
Find the magnitudes of the twist- 
ing and maximum bending moments 
on the crank-pin. If three-quarters 
of the work is absorbed aft and 
one-quarter forward, find the same 
things. 

(C. & G., H., Sec. A, 1903.) 

3. Design a hollow steel tunnel shaft and coupling to transmit 10,000 
horse-power at 120 revolutions per minute. There are eight bolts, and the 
inside diameter of the shaft has to be '6 times the outside diameter. 
Choose your own working stresses, &o. The shaft may be assumed sub- 
jected to pure twisting, arid the ratio of the maximum to the mean twisting 
moment to be 1-2. (C. & G., H., Sec. A, 1903.) 

4. A circular shaft, supported in bearings 12 feet apart, transmits 15 
horse-power at 90 revolutions per minute, and carries a belt and pulley 
3 feet from one bearing, which produces a side pull of 500 lbs. on the shaft. 
If the greatest stress induced in the shaft has not to exceed 4 tons per 
square inch estimate the diameter of the shaft assumed solid. 

(C. &G., H., Sec. A, 1904.) 

5. Obtain expressions for the maximum shearing stress and for the total 
twist produced in a round shaft of given dimensions under a given 
twisting moment. A steel shaft is employed in order to transmit power 
to a distance of 100 feet, the maximum intensity of shearing stress is not 
to exceed 4 tons per square inch, and the total twist on the whole length is 
not to exceed 30°. What size must the shaft be, and how many horse- 
power will it transmit when running at 90 revolutions a minute? The 
modulus of shear elasticity of steel is 12,000,000 lbs. per square inch. 

(B. of E., S. 3, 1904.) 

6. In a single cranked engine of 4 feet stroke the centre line of the 
cylinder is 3 feet from the left-hand bearing and 2 feet from the right-hand 
bearing. The work is taken off equally, as a pure couple, at the two ends 
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of the shaft. If, when the connecting-rod is perpendicular to the plane 
of the crank arms and shaft, the thrust in the rod is 10 tons, estimate the 
twisting moment and maximum bending moment on the crank pin, and 
also on each crank arm. (0. & G., H., See. A, 1905.) 

7. A solid steel shaft has to transmit 150 H.P. The number of revolu- 
tions of the shaft per minute is 115, and the maximum twisting moment in 
each revolution exceeds the mean by 25 per cent. If the maximum 
intensity of the shearing stress is not to exceed 9,000 lbs. per square inch, 
what must the diameter of this shaft be ? (B. of E. , S. 2, 1906. ) 

8. A steel shaft 2 J inches in diameter is driven by a 20-H.P. gas engine 
at 100 revolutions per minute. The shaft is supported by three bearings, 
spaced 15 feet apart between centres, and the centre of the driving pulley 
is 6 inches beyond the centre of one of the end bearings. Pulleys are 
arranged, as shown on the sketch, to work certain machines, and the 
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horse-power taken off each of these pulleys is shown on the sketch ; in 
addition each bearing absorbs J H.P. Assuming that all loads are applied 
at the centres of the respective pulleys and bearings, calculate the angle 
of twist in the shaft at each of these points, reckoning from either end of 
the shaft. The modulus of rigidity is 12,500,000 lbs. per square inch. 

(B. of B.,S. 3, 1906.) 

9. The crank shaft of a three-cylinder engine, 4 feet stroke, and cranks 
at 120°, is supported on four equi- distant bearings, the common pitch 
being 6 feet. The centre line of each crank is midway between its bearings. 
Calculate the maximum bending moment and twisting moment on the 
after-most crank pin when the after 
crank is in a horizontal position, the 
vertical force on each crank pin being 
then 20 tons, and each segment of the 
shaft, from bearing to bearing, being 
assumed to act as an independent beam. 

(C. &G.,H.,Sec. A, 1906.) 

10. The after crank of a three-cranked 
engine is as shown. The turning moment 
transmitted from the high and inter- 
mediate cranks is 70 foot-tons; when the 
low-pressure connecting-rod is perpen- 
dicular to the plane of crank arms the 
thrust is 30 tons. Find the turning mo- 
ment transmitted through the remaining part of the shaft, and the bending 
moment and twisting moment on the crank pin, assuming the crank and 
shaft arms rigid. (C. & G, , H. , Sec. A, 1907.) 
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11. Show how to obtain a formula for the horae-power transmitted by a 
Bolid shaft of diameter, D, in the form 

Horse-power = c N D^s, 

where /j is the allowable shearing stress, N is the number of revolutions 
per minute, and c is a constant. Determine the value of c and calculate 
the horse-power which may be transmitted by a shaft 4 inches in diameter, 
when turning at 300 revolutions per minute, if the allowable stress is 
9,000 lbs. per square inch. (C. & G., H., See. A, 1908.) 

12. Explain how to determine the maximum intensity of stress in a shaft 
due to combined bending and twisting moments. A shaft, 3 inches in 
diameter, transmits 180 horse-power at 200 revolutions per minute. It is 
supported in bearings 9 feet apart, and a pulley, keyed to the shaft 6 feet 
from one bearing, has a belt upon it giving a pull equivalent to a load of 
270 lbs. Calculate the greatest shearing stress on the shaft due to the 
twisting moment, and the greatest bending stress due to the pull of the 
belt, and also determine the maximum intensity of the resultant stress. 

(C. &G., H., Sec. A, 1908.) 

, LeCTCTKE v.— ObDINABY QtrBSTIONS. 

1. State precisely how you would make a tensile test of a ductile 
material, such as wrought iron or mild steel, stating what measurements 
you would make and how you would reduce the observed results. What 
are the most important items to obtain from a commercial point of view, 
and what results would you expect in a specimen of good mild steel. 

(C. &6., H., Sec. A, 1903.) 

LEOTnEB VI. — Obdinaky Questions. 

1. Write specifications for the steel you would use in the construction 
of (i.) a steel girder, (ii.) a steel boiler, (iii.) a propeller shaft. Describe, 
briefly, the apparatus required to carry out the prescribed tests. 

(0. &G., H., Sec. A, 1904.) 

2. A tension bar is held at each end by a turned pin; the bar is rect- 
angular in section, 6 Inches wide and IJ inches thick. Owing to the fact 
that the eyes for the pins at the ends of the bar are each bored out with 
its centre ^ of an inch to one side of the centre line of the bar, the line of 
pull is A of an inch to one side of the geometrical axis of the flat side of 
the bar, but parallel to this axis. Calculate the maximum and minimum 
stresses in any section at right angles to the line of pull, when the total 
tensile load on the bar is 40 tons. By means of a diagram roughly drawn 
to scale, show graphically the distribution of stress in the cross-section. 

(B. of E., S. 3, 1905.) 

3. Describe Wohler's experiments on the continued repetition of stress 
and give — quantitatively, if possible — the leading results obtained. VVhat 
more recent experiments have been made on the same subject, and what 
are the results obtained ? (C. & G., H., Sec. A, 1905.) 

4. Explain in what way the tenacity of a plate is affected (i. ) by punch- 
ing, (ii. ) by drilling a hole, and how any prejudicial effects may be removed. 
In the case of a treble-riveted butt-joint with two covering plates, holes 
drilled, the ultimate tenacity of the steel plates may be taken as 65,000 lbs. , 
and the shearing resistance of the rivets as 50,000 lbs. per square inch. 
Find the Ditch of the rivets to connect plates S inch thick, the diameter of 
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the rivets being 1 inch. What ' ' effloienoy " would you expect, in practice 
with such a joint? (C. & G., H., Sec. A, 1905.) 

5. In a certain method of making shook tests of metal, a heavy rotating 
disc carries a knife at a point on its circumference. The disc having been 
set in rapid rotation, the metal specimen to be tested, supported on two 
knife edges at a certain distance apart, is moved up towards the rotating 
disc to such a position that the knife in descending strikes the centre of the 
specimen and fractures it. The work absorbed in fracturing the bar is 
estimated from the change of velocity of rotation of the disc. In an actual 
machine the diameter of the disc, which is of steel, is 12 inches, and its 
thickness is 4 inches (1 cubic inch of steel weighs 0-28 lb.). The angular 
velocity of the disc before impact with the specimen is 36 radians per 
second, and, after impact, 24 '3 radians per second. Calculate the number 
of inch-lbs. of work spent in fracturing the specimen. Criticise this 
method of testing the quality of a specimen of any material. 

(B. ofE., S. 3, 1906.) 

Lectueb VII. — Oedinaey Questions. 

1. Answer only one of the following :— (a) Describe an experiment by 
which you could determine E, Young's modulus of elasticity, by stretching 
a steel wire. (6) Describe an experiment to measure how the kinetic 
energy of a flywheel depends upon its speed. (B. of E., Adv., 1903.) 

2. Answer only one of the following : — (a) Describe an experiment by 
which you could determine E, Young's modulus of elasticity, by bending 
an iron bar. What shape of bar would you use, and why? How would you 
attach the load, and how support the beam ? How would you ascertain 
the deflection of the beam ? (5) Describe an experiment to measure how 
the kinetic energy of a flywheel depends upon its speed. If the time the 
flvwheel took to come to rest were measured, how could you calculate the 
average H.P. lost in friction? (B. of E., H., Part I., 1903.) 

3. Prove the formula you use for calculating the deflection of a beam of 
rectangular cross-section. A beam 1 inch wide and 1 '5 inch deep, is placed 
upon knife edges 4 feet apart, and the overhanging ends are loaded with 
weights of 100 lbs. each, placed 18 inches beyond the points of support 
(i.e., the loads themselves are 7 feet apart), what is the upward deflection 
of the middle point of the beam (E = 30,000,000) ? What is the shearing 
force between the knife edges? (B. of E., H., Part I., 1903.) 

4. A wire, 34 inches long and "123 inch diameter, hanging vertically, is 
clamped at its upper end and carries a light pulley 8J inches diameter, 
having its central plane horizontal, at its lower end. When two equal and 
opposite forces of 1 lb. are applied in a horizontal plane at the opposite 
extremities of a diameter of the pulley, the angle turned through by the 
pulley was found to be 70°. Estimate the coefficient of rigidity of the 
material of the wire. (C. & G., H., Sec. A, 1904.) 

5. Describe one only of the following, (a) or (6) : — (a) Describe how you 
would carry out an experiment to determine the modulus of tensile elas- 
ticity of a piece of round 1-inch mild steel bar. Explain carefully how you 
would prepare the bar and hold it in the testing machine, how you would 
measure the extensions, and what precautions you would adopt to secure 
accuracy. (&) Fifty oast-iron beams, say 12 feet long, are to be delivered; 
it is specified that each shall stand a certain load, say J ton, without 
taking any set. On behalf of the foundry, you are arranging to have them 
tested in the presence of the buyers. How would you arrange for this ? 
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Presumably you know that a beam just manufactured will take a set with 
even a very small load. (B. of E., S. 3, 1904.) 

6. The following results were obtained during a tensile test of a, mild 
steel bar f inch in diameter : — 



Total load on the bar, ) 
in tons, ) 


0-88 


1-78 


2-64 


3-e2 


4-40 


6-28 


6-16 


7-04 


Elongation on a length ) 
of 8 inches, in inches, ) 


00012 


0-0024 


0-0035 


0-0047 


0-0061 


0-0076 


0-0088 


0-0102 



Plot a curve on squared paper to show the relation between the load and 
the elongation. Find the total work done in inch-lbs. upon this 8-inch 
length of bar during the test. Calculate Young's modulus of elasticity in 
lbs. per square inch. (B. of E., S. 2, 1905.) 

7. Answer only one of the following, (a) or (6) : — (a) You are given a 
piece of steel wire ; explain fully how yon would determine its modulus of 
rigidity (or of shear elasticity) ; give any formulae you would use in making 
the final calculations from your experimental results. (&) It is required to 
determine experimentally the coefficient of discharge for a rectangular 
weir with sharp edges. How would you carry out such an experiment ? 
Explain carefully how you would measure the head of water over the lip, 
or sill, of the weir, and what calculations you would have to make to find 
the numerical values of the coefficients. (B. of E., S. 3, 1905.) 

8. The following results were obtained during a complete tensile test to 
destruction of a mild steel bar f inch in diameter : — 



Total load on"\ 

the bar, } 

in tons, J 


176 


3-62 


6-28 


7-04 


7-48 


8-80 


10-66 


11-44 


11-88 


12-32 


9-46 


Elongation on -^ 

a length of 1 

8 inches, f 

in inches, J 


0-0024 


0-0047 


0-0076 


0-0102 


0-16 


0-26 


0-61 


0-82 


1-18 


1-70 


2-38 

Bar 

broke. 



(a) Calculate and tabulate stress and strain, and plot a complete stress- 
strain curve on squared paper. (6) Calculate from the plotted figure the 
total work done in inch-tons per cubic inch in fracturing this specimen, 
(c) Calculate — (i. ) The modulus of direct elasticity in lbs. per square inch ; 
(ii.) the limit of elasticity of the steel in lbs. per square inch; (iii.) the ulti- 
mate tenacity of the steel in lbs. per square inch. (B. of E., S. 3, 1905.) 
9. In connection with a contract for the supply of cast-iron pipes, certain 
bending tests were specified on bars (cast at the same time) 40 inches long, 
2 inches deep, and 1 inch thick. The following results were obtained when 
one of these bars was tested on edge on a 36-inch span : — 



Load at centre of beam, . . lbs.. 


100 


400 


800 


1,200 


1,600 


2,000 


2,4U0 


Deflection at centre of beam, inches. 


•012 


-043 


-098 


-160 


■204 


-266 


-314 



(a) Plot on squared paper a curve to show the relation between the load at 
the centre of the beam and the deflection at the centre of the beam ; from 
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your curve determine the load which will be required at the centre of the 
beam in order to give a deflection of one-eighth of an inch. (&) Calculate 
in lbs. per square inch Young's modulus of elasticity for this cast iron; the 
deflection of a rectangular beam — length I, breadth 6, depth d, loaded with 
Wat its centre— is Wi'-^4E6d^. (c) Calcx'late in inch-lbs. the total 
work done in bending this beam up to a load ot 2,400 lbs. in the centre of 
the span, (d) The beam eventually broke with a load of 3,200 lbs. in the 
centre ; assuming that the ordinary beam formula holds up to the breaking 
point in oast-iron beams, what was the maximum intensity of tensile stress 
in the metal at the instant of rupture? (B. of E., S. 2 and 3, 190B.) 

10. Describe some instrument by means of which the value of Young's 
modulus for a ductile material may be very accurately obtained. How is 
the instrument calibrated ? (C. & G., H., Sec. A, 1906.) 

11. Describe, in detail, how you would make a test to destruction of a 
piece of mild steel plate 2 inches by J inch in cross-section, and of sufficient 
size to measure the extension on a 10-inoh length. Draw a probable force- 
extension diagram for such a bar, in which the extensions are doubled and 
the pull on the specimen is to a scale of 20,000 lbs. to the inch. Also 
show how to calculate the coefficient of direct elasticity from the results 
of your observations. (C. & G., H., See. A, 1908.) 



Lecture VIII. — Obdinaev Questions. 

1. Give the theory of the laterally loaded strut. What is the effect of 
eccentric loading, and what is the effect of non-uniformity of material 'i 
When is this theory useful ? (B. of E. , H. , Part I. , 1903. ) 

2. A cast-iron column, 5 inches internal and 7 inches external diameter, 
has a bracket attached to it, and a, weight of 20 tons is carried by the 
bracket at a distance of 12 inches from the axis of the column. Estimate 
the maximum and minimum stresses induced in the column, and show, by 
means of a sketch, how the stress varies across the section. 

(C. &6.,H., Sec. A, 1903.) 

3. Show that the buckling load of a long strut having rounded ends is 

17 T 2 

— ^g— , in which I is the length of the strut, I the geometrical moment of 

inertia of the cross-section about a line perpendicukir to the plane of bend- 
ing, and E Young's modulus. How is the behaviour of a strut affected 
when the load is not applied axially ? (C. & G., H., Sec. A, 1904.) 

4. The floors of a warehouse are supported by means of cast-iron 
columns. The lowest column in any tier is 12 inches in external diameter, 
and the metal is 1} indhes thick. The total load transmitted to this 
column from those above it in the tier and from the portion of the floor 
immediately above, which it supports, ia 125 tons. What is the compres- 
sive stress in the metal of this column ? What amount will this column 
be shortened if its length is 15 feet, and if Young's modulus of elasticity is 
12,500,000 lbs. per square inch ? If the load in tons per square inch which 
would destroy such a column is given by the equation — 

no 

Destructive load in tons per square inch = l — 7T\^' 

^ "^ 800 Id] 

where L is the length of the column in inches, and D the external diameter 
in inches, what factor of safety has this column? (B. of E., S. 2, 1905.) 
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5. A hollow cast-iron column has to be designed to support a total load 
of 130 tons ; the column is to be 15 feet in length, and the internal diameter 
is to be four-fifths of the external diameter, and it is desired to have a 
factor of safety of 10. Find the external and internal diameters of the 
column if the crushing load in tons per square inch for such a column is 
given by the formula stated in the previous question. (B. of E., S. 3, 1905.) 

6. The cylinder of a vertical engine is entirely supported by one vertical 
cast-iron column of rectangular section. The centre line of the cylinder is 
8 inches from the vertical face of the column, and the column is 10 inches 
deep and 6 inches vifide, and the thickness of the metal all round is 1 inch. 
If the driving force on the piston when at the end of the stroke is 5 tons, 
estimate the greatest stress induced in the column, and show, by a sketch, 
how the stress varies over a section. (C. & 6., H., Sec. A, 1905.) 

7. The usual form of Gordon's formula as applied to medium-sized struts 

is buckling load in lbs. per square inch = ^, in which I = length of 

strut, h = least radius of gyration, and a, tf are empirical ooeflScients. 
What is the rational basis of this formula ? and find the values of a and /5 
from the following data, which refer to wrought-iron struts, fixed at the 
ends, each having a section of 1 inch x 1 indi, namely : — I = 30 inches, 
buckling load = H'3 tons ; Z = 90 inches, buckling load = 4'35 tons. 

(C. &G., H.,Sec. A, L906.) 

8. An upright timber post, 12 inches in diameter, supports a vertical 
load of 18 tons, the line of action of which is 3 inches from the vertical 
axis of the post. Determine the maximum and minimum intensities of 
stress on a normal cross-section of the post, and show by a diagram how 
the intensity of normal stress varies across the section. Prove the formula 
used by you. (B. of E., S. 3, 1907.) 

9. Explain how the strength of a long, thin column varies according to 
the fixing of the ends, and state the relative strengths of a column for the 
faai standard cases of fixing. Obtain the Rankine-Gordon formula for the 
safe load on a column, and show in what way it is modified to make it 
applicable to the four cases. (C & O., H., Sec. A, 1908.) 
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Lecture I.— I.C.E. Questions. 

1. A bar of steel 2 inches in diameter is subjeoted to a tension of 18 tons 
in a direction parallel to its axis. Find a general expression for the in- 
tensity of the normal and tangential stresses on a section inclined at any 
angle to the axis and calculate them for an angle of 30°. 

(I.C.E., Oct., 1903.) 

2. Calculate the least radius to which a 1-inoh round bar of wrought iron 
(for which E = 28,000,000 lbs. per square inch) may be bent in order that 
the skin stress may not exceed 15 tons per square inch. What is then the 
moment of resistance of a section? (I.C.E., Oct., 1903.) 

3. Prove the formula for the stress on a longitudinal section of a thin 
cylindrical shell exposed to internal pressure. Can this formula be used 
for thick hollow cylinders ? Give reasons for your answer. 

(I.C.E., Oct., 190,3.) 

4. What area and form of section would be suitable for a mild steel 
roof member subject to the following axial loads (+ signifying tension 
and - compression): (i.) due to dead load + 3,500 lbs. ; (ii.) due to wind 
on one side + 6,000 lbs. ; (iii.) due to wind on the other side - 4,000 lbs. 

(I.C.E., Oci., 1903.) 

5. Steel rails are welded together and there is no stress at a temperature 
of 60° F. They are prevented from buckling and they cannot expand or 
contract. Find the stresses when the temperature is (i. ) 20° F. , (ii. ) 1 20° F. 
Steel expands by 001 2 of its length for a change in temperature of 180° F. 
Take B = 30,000,000 lbs. per square inch. If the elastic limit in tension is 
40,000 lbs. per square fnch, at what temperature would it be reached t 

(I.C.E., Feb., 1904.) 

6. A hard drawn copper wire is stretched between two points on the 
same level, 50 feet apart. Find the sag at the centre (i. ) when the greatest 
stress is 5 tons per square inch ; (ii. ) when the breaking stress, 26 tons per 
square inch, is reached. Copper weighs 560 lbs. per cubic foot. 

(I.C.E., Feb., 1904.) 

7. What would be the smallest size of a drum on which it would be 
advisable to wind a steel measuring tape -^^ of an inch thick ? If wound 
on a drum too small in diameter what effect would you expect to be 
produced on the length of the tape? (I.C.B., Oct., 1905.) 

8. A piece of material is subjected to a pair of tensile stresses at right 
angles to each other of 8 and 4 tons per square inch respectively. Calculate 
the stresses produced on a plane making an angle of 30 degrees to the 
direction of the stress of 8 tons. (I.C.E., Feb., 1906.) 

9. A 2-inch diameter bolt, 12 feet long, is screwed into the under side of 
a rigid beam, and hangs vertically. At the lower end of the bolt is a solid 
head ; on the bolt is a weight of 100 lbs., which fits it loosely. The weight 
falls a distance of 10 feet on to the lower head. Neglecting the work done 
by the weight falling through the small distance due to the elastic stretch 
of the bar, calculate the stress produced in the bolt. Take the elastic 
modulus as 30,000,000 lbs, per square inch. (I.C.E., Feb., 1906.) 

10. The internal diameter of a water main is 30 inches; it is constructed 
of steel plates § inch thick, with double-riveted butt joints. Assuming 
the tensile strength of the plates to be 30 tons per square inch, and the 
efficiency of the joints as 95 per cent., what is the bursting pressure of 
the main ? (I, C. E. , Feb. , 1906. ) 

11. What is meant by the resilience of a body ? Give an illustration. 

a.C.E., Feb., 1906.) 
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12. Sketch the eye end of a steel link for a suspension bridge, the body 
of the link being 6 inches by 3 inches, and show how you determine the 
size of the pin. (l.C.E., J-eft., 1906.) 

13. Define the two terms "stress " and " strain." The suspension-rod of 
a bridge is 30 feet long and stretches -}u inoli under the load ; what is the 
strain? (I.C.E., Oct., 1906.) 

14. Define the two terms "limit of elasticity" and "modulus of elas- 
ticity." A rod 100 feet long has a sectional area of 2 square inches, and, 
when submitted to a tension of 20 tons, stretches 0'62 inch ; what is the 
modulus of elasticity of the material 1 (I. C. E., Oct. , 1 906. ) 

15. The limit of elasticity of a wrought-iron bar was found to be 
20,000 lbs. per square inch, the strain at that point being '0006 ; what 
was the resilience of the material? (I.C.E., Oct., 1906.) 

16. Sketch the forged eye end of a steel tension bar, 4 inches by 1 inch, 
to some recognised proportion, and state generally what effect the diameter 
of the pin has upon these proportions. Assume the diameter of the pin to 
be three-fourths of the width of the bar. (I. C. E. , Oct. , 1906. ) 

17. A cylindrical chimney, 6 feet external and 4 feet internal diameter, 
is subject to a wind pressure equivalent to 30 lbs. per square foot on the 
vertical projected area ; find the limiting height of the chimney to avoid 
any tension at the base, the weight of the brickwork being 125 lbs. per 
cubic foot. (I.C.E., Oct., 1906.) 

18. A rod of steel 10 fee^long with a sectional area of J square inch, is 
kept at the proof strain with a tensile load of 25,000 lbs. ; what is the 
amount of the resilience of the rod when E = 35,000,000 lbs. pei: square 
inch? (I.C.E., JJ-efe., 1907.) 

19. A load of 3 owts. is suspended by three parallel wires of equal length, 
each i^V square inch in area, the outer ones being of steel and the inner one 
of brass, the wires being adjusted so that each has the same stress. A load 
of 3 cwts. is then added to the original load ; what is the final stress on the 
wires assuming E to be 30,000,000 lbs. per squarek.inch for steel and 
10,000,000 lbs. per square inch for brass ? (I.C.E., Feb., 1907.) 

20. A circular steel tank 20 feet diameter has to be filled with water to 
a depth of 14 feet. Assuming the efficiency of the joints to be 80 per cent., 
what must be the thickness of the plates so that a stress of 5 tons per 
square inch shall not be exceeded? Weight of water = 62"5 lbs. per cubic 
foot. (I.C.E., Feb., 1907.) 

21. A riveted butt joint with two covers has to be made in a tension 
plate, 16 inches by | inch, which has to transmit a stress of 90 tons. 
Design what you consider to be the best form of joint, and make a neat 
sketch of the complete joint with covers. Assume the diameter of rivets 
J inch. Working stresses : — tension, 8 tons per square inch ; shear, 5 tons 
per square inch ; Bearing, 10 tons per square inch. (I.C.E., Oct., 1907.) 

22. The flanges of a plate web girder consist of three plates J inch thick 
fixed to a single web 4 inch thick, with two angle bars 4 inches x 4 inches 
X J inch. Sketch the jointing of the three plates under one cover for 
(a) a theoretical joint, (6) a practical joint, giving the diameter and pitch 
of the rivets on the flange and web plates and the angles. 

(I.C.E., Oct., 1907.) 

23. State and explain fully the conditions which have to be taken into 
account in deciding on the thickness of the cylinder walls for a steam 
engine. Obtain a formula embodying these requirements, and compare 
the results it gives with the following empiric al rule : — Thickness of 
wall = O'OS ;^diameter of cylinder x pressure, when the pressure is 
200 lbs. per square inch gauge, and the diameter of the cylinder 30 inches, 
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and taking 2,000 lbs. per square inch as the allowable stress in tension in 
oast iron. (I.C.E., Oc«., 1907.) 

24. A bar, 4 square inches in sectional area, carries a weight of .20 tons. 
Determine the intensities of the normal and tangential stresses on a plane 
making an angle of 60° with the cross-section. (I.C.E., Feb., 1908.) 

25. Determine the area of cross-section required for a wrought-iron bar 
16 feet long, in order that it may resist the energy of a load § ton falling 
through a height of 6 inches, the resultant of the load being along the axis 
of the bar, and the material just strained to the elastic limit 12 tons per 
square inch. E = 12,000 tons per square inch. (I.C.E., Feb., 1908.) 

26. Design a zigzag double-riveted butt joint, with two covers, for two 
steel plates f inch thick. Rivets f inch diameter. Assume the following 
working strengths : — Tensile strength of plates, 7 tons per square inch ; 
shearing strength of rivets, 6 tons per square inch ; compressive strength 
of plates, 12 tons per square inch. Determine the efficiency of the joint. 
Give a dimensioned plan of a portion of the joint. (I.C.E., Feb., 1908.) 

27. A flat bar, 12 inches by 1 inch, is in tension, and has to be jointed 
with double cover-plates ; sketch and fully dimension a joint in which the 
strength of the member has not been reduced more than 1 1 per cent. The 
rivets to be J inch diameter ; the working stress in bars and covers to be 
7 tons per square inch; the bearing stress on rivets, 10 tons per square inch ; 
and the shear stress in rivets, 5 tons per square inch. (I.C.E., .^66., 1908. ) 

28. A rod of steel 100 feet long, with a sectional area of 2 square inches, 
stretches | of an inch when a load of 1 5 tons is suspended from the end ; 
determine the stress, the strain, and the modulus of elasticity. 

(I.C.E., Oct., 1908.) 

29. A steel rod 30 feet long, having a sectional area of J square inch, has 
a weight of 1 ton suspended from it ; what is the amount of energy stored 
in the bar owing to its extended condition, when the modulus of elasticity 
is 13,000 tons per square inch ? If the weight were applied suddenly, what 
would be the amount of the energy stored? (I.C.E., Oct., 1908.) 

Lecture II. — I.C.E. Questions. 

1. A log of wood, 20 feet long, of uniform cross-section, floats in wate? 
and carries two weights, each equal to 1 ewt. , at distances of 4 feet from 
each end. Sketch, roughly to scale, the diagrams of shearing force and 
bending moment on the log. (I.C.E., Oct., 1903.) 

2. A girder 20 feet long carries a distributed load of 1 ton per lineal foot 
over 6 feet of its length, the load commencing at 3 feet from the left-hand 
abutment. Sketch the shearing-force and bending-moment diagrams, and 
find, independently, the magnitude of the maximum bending moment and 
the section at which it occurs. (I.d.E., Feb., 1904.) 

3. A girder, 40 feet long, rests on two supports at distances of 10 feet 
from the ends. It is loaded with a. uniformly distributed load of J ton 
per foot run, and a concentrated load of 10 tons at the centre. Draw, 
to scale, diagrams of bending moments and shearing forces. 

(I.C.E., ife6., 1904.)^ 

4. A cantilever 30 feet long is built in at one end, and when unloaded "^^ 
touches, but does not exert pressure on, a support at the other end. It is 
loaded with a uniformly distributed load of 10 owts. per foot run. Draw 
diagrams of bending moments and shearing forces, and find the position of 
the point of contrary flexure. (I.O.E., Feb., 1904.) 

5. The tensile strength of a specimen of cast iron is found to be 10 tons 
per square inch- A bar of the same material 1 inch wide and 2 inches 
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deep is laid upon supports 3 feet apart, and loaded in the middle. What 
would be the breaking weight of the beam, if it were calculated from the 
known tensile strength of the extreme fibre by the theory of elastic flexure, 
and what would it generally be in practice ? (I.C.E., Oct., 1904.) 

H. A wire is carried across a series of equal spans ab, 6 c, &c. , of 240 feet 
each, the weight of the wire in each span being 400 Iba. The span a b has 
a dip of 3 feet, and be a, dip of 2'5 feet, the wire being attached at b to the 
top of a vertical post 20 feet high. Find the bending moment at the base 
of the post. (I.O.E., OcC, 1904.) 

7. A floating beam of timber of uniform section and 20 feet long carries 
three equal loads of 400 lbs. each, one in the middle of its length, and one 
at each end. Find the bending moment at the centre, and sketch the 
whole diagram of bending moments. (I.O.B., Oct., 1904.) 

8. A beam 20 feet long is supported on two supports, 3 feet from each 
end of the beam. Weights of 10 lbs. and 20 lbs. are suspended from the 
two ends of the beam. Draw, to scale, the bending-moment and shearing- 
force diagrams ; and, in particular, estimate their values at the central 
section of the beam. (I.C.E., Feb., 1905.) 

9. A girder crossing a span of 400 feet is traversed by a railway train 
having the uniform weight of 1 ton per foot ; and the train, whose length 
is greater than the span, may enter the bridge from either end. Find the 
greatest positive and negative values of the resulting shearing force at a 
section 100 feet from either abutment, and sketch the diagram of maxima. 

(I.G.E., Feb., 1905.) 

10. Show how the same question can be determined when the train 
consists of one or two heavy locomotives followed by lighter carrying 
stock. {I.G.K, Feb., 1905.) 

11. Suppose that three beams or planks, A, B, and C, of the same 
material are laid side by side across a span L = 100 inches, and a load 
W = 600 lbs. is laid across them at the centre of the span so that they 
must all bend together. The beams are all 6 inches wide, but while A and 
C have a depth of 3 inches, the depth of the middle beam B is twice as 
great. How much of the weight W will be carried by each of the three 
beams, and what will be the extreme fibre-stress in each ? 





(I.C.E., Feb., 1905.) 

12. Sketch approximately to scale bending moment and shear diagrams 
for a beam supported at its ends and loaded half way along \vith a 
uniformly distributed load. Show how to find the maximum bending 
moment. {I.C.E., Oct., 1905.) 

13. The side elevation of a cantilever 6 feet long is triangular, the depth 
increasing from at the extremity to 12 inches at the wall into which it is 
fixed, the bteadth is 3 inches, and the cross-section is rectangular. Sketch 
diagrams to show the distribution of tension, compression, atid shear at the 
wall caused by its own weight. (I.C.E., Oct., 1905.) 

14. A number of small web-plate girders were designed to carry a distri- 
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bnted test load of 100 tons each; they were tested at the contractor's yard 
by placing two girders back to back about 3 feet apart, with slings at the 
ends, and applying a hydraulic jack between the girders at the centre, 
pressing against the two simultaneously with a pressure of 50 tons. Was 
this a fair test to all parts of the girder? State the reasons for your 
answer. (I.C.E., Oct., 1905.) 

15. A plank of wood, of specific gravity 0"7, 12 feet by 1 foot by 1 inch 
thick, rests in water in a horizontal position and carries concentrated loads 
of 5 lbs. at each end. What is the bending moment in the centre of the 
plank ? (I. C. E. , Feb. , 1906. ) 

16. A uniform iron beam 10 feet long, weighing 600 lbs., rests on two 
rollers, the centres of which are 1 foot and 6 feet from one end. If the 
beam be roUed forward 3 feet, what will be the pressures on the two 
rollers in its new position? (I.C.E., Feb., 1906.) 

17. A beam 40 feet long resting on the ends is loaded with three weights 
of 5, 10, and 15 tons placed 10 feet apart, the 15-ton weight being at the 
centre of the span. Draw the diagrams of the bending moments and the 
shearing stresses. (I.C.E., Feb., 1906.) 

18. A trapezoidal masonry dam, weighing 140 lbs. per cubic foot, is 
60 feet high, 8 feet wide at the top, 38 feet wide at the base, and has the 
up-stream face vertical. Find (i. ) its centre of gravity, (ii. ) the stress per 
square foot at each side of the base, assuming that the stress varies uni- 
formly across the base, when the water is level with the crest of the dam. 

(I.C.E., Oct., 1906.) 

19. Find the centre of gravity of a concrete wall, 18 feet high, 10 feet 
wide at the base, 5 feet wide at the top, with one face vertical and the 
other in steps of 3 feet high and 1 foot of^et. Assuming a uniform 
variation of stress across the base and a weight of 120 lbs. per cubic foot 
for the concrete, find the stress per square foot at each side of the base. 

(I.C.E., Feb., 1907.) 

20. A beam, 20 feet span, supported at both ends, carries a uniform load 
of J ton per foot run, distributed over its length ; also two concentrated 
loads of 4 tons and 6 tons, at 4 feet and 12 feet respectively from the right 
support. Draw the curves of shearing force and bending moment for the 
whole span. Calculate the value of the bending moment at a section 
9 feet from the right support. (I.C.E., Oct., 1907.) 

21. A girder, 50 feet span, carries a uniform fixed losid of J ton per foot 
run. A moving load, assumed of uniform weight, IJ tons per foot run 
(of length greater than the span), travels over the girder from one end. 
Find the section at which the shearing force changes sign. Is this the 
section where the bending moment is greatest, and if not, where is it ? 

(I.C.E., Oct., 1907.) 

22. A beam of uniform cross-section, 20 feet long, is fixed horizontally at 
one end, and is supported at the other end by a prop at the same level. 
It carries a uniform load of f ton per foot run. Determine the pressure on 
the prop, and the position and value of the maximum bending moment. 
Give a dimensioned sketch of the bending-moment diagram. 

(I.C.E., Feb., 1908.) 

23. A girder A B C D, 50 feet long, rests on two piers at B and C 30 feet 
apart, the ends A and C overhanging the piers by 10 feet. The 30 feet of 
girder between the piers B and C is loaded with a uniform load of 1 ton 
per foot run. At the end A is a weight of 12 tons, and at the end D a loeid 
of 8 tons. Draw the bending-moment and shearing-force diagrams for the 
whole girder. Calculate the bending moment at a section 12 feet from B 
in the portion B C. (I.C.E., Feb., 1908. ) 

o 15 
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24. A beam, 24 feet long, is uniformly loaded with 10 tons for three- 
quarters of its length, beginning at one abutment ; find the value and 
position of the maximum bending moment. (I.C.E., Feb., 1908.) 

25. A road bridge of 60 feet effective span carries a travelling load of a 
vehicle on four axles, A, B, C, and D, A = 5 tons, B = 5 tons, C = 3 tons, 
and D = 3 tons. The distance between A and B = 7 feet 9 inches, between 
B and = 7 feet 9 inches, and between C and D = 7 feet 9 inches, the 
total wheel-base being 23 feet 3 inches. Determine the position of the 
vehicle on the span when the bending-moment under B is a maximum. 
State the amount of the bending-moment. (I.C.E., Oct., 1908.) 

26. Draw the bending-moment diagram for a continuous girder of four 
spans of 100 feet of uniform depth and section, and carrying a uniformly 
distributed load of 1 ton per lineal foot on each end span, and 2 tons pei 
lineal foot on each of the two spans on each side of the centre. State the 
amounts of the bending-moments at each pier and at the centre of each 
span. (I.O.E., Oct., 1908.) 

27. A sluice-gate consists of an outer frame 20 feet square, the top and 
bottom girders of which are connected by vertical ribs spaced 3 feet 
4 inches apart, centre to centre, and covered by plating. The highest 
water-level coincides with the top of the gate. Calculate the load on one 
rib and determine the position and amount of the maximum bending- 
moment and the amount of shear at each end. Fresh-water weighs 624 
lbs. per cubic foot. (I.C.B., Oct., 1908.' 

Lkotube III. — I.C.E. Questions. 

1. A girder is built of an Z rolled joist; flanges 1 inch thick, 7^ inches 
wide ; web g inch thick, 20 inches deep ; with two f -inch plates 12 inches 
wide riveted to each flange. Calculate the modulus of the section (a) 
approximately, (6) more accurately. (I.C.E., Oct., 1903.) 

2. A girder of section as in previous question is 30 feet long and subject 
to a distributed load of 1^ tons per foot run. Calculate the shearing stress 
between the plates, and between the inner plate and the joist at a section 
close to the supports. Hence show how you would find a suitable diameter 
and pitch for the rivets. (I.C.E., OU., 1903.) 

3. Find the least radius of gyration for the X joist referred to in the 
above questions. Taking a factor of safety of 6, find the working load of 
such a joist as a column 10 feet high with fixed ends. Use the formula : — 

P=_ 25-^ 



1+ ^-^ 



30,000 



where P is the buckling load in tons, A the cross-sectional area in square 
inches, and X is the ratio of the length to the least radius of gyration. 

(LC.E., Oct., 1903.) 

4. Construct the bending-moment and shearing-force diagrams for a 
beam 25 feet long, freely supported at one end and resting on a support 
6 feet distant from the other end, the beam being loaded with a uniformly 
distributed load of i ton per foot run, a load of 5 tons at mid-span, and a 
load of 10 tons at the overhanging end. _ (XC.E., OcJ., 1903.) 

5. Prove an expression for the deflection at mid-span of a beam resting 
freely on two supports and loaded uniformly per foot run; or describe 
parefuUy how you would find it graphically (I.C.E., Oct., 1903.) 
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6. Explain clearly how you would proceed to obtain graphically the 
bending-moment diagram for a continuous girder of three equal spans 
resting on supports at the same level ; the dead load being evenly distri- 
buted over the whole girder. (I.C.B., Oct., 1903.) 

7. A girder of length 60 feet is subjected to a, uniformly distributed 
dead load' of | ton per foot run, and to a uniformly distributed rolling load 
of IJ tons per foot run. Construct diagrams to show for every section of 
the girder (1) tbe shearing stress due to the dead load, (2) the maximum 
positive and negative shearing stresses due to the rolling load as it crosses 
the girder. (I.C.E., Oct., 1903.) 

8. A bridge is carried by two mild steel plate-girders over a span of 
50 feet, the depth of the girder being 5 feet. It is to carry an equivalent 
distributed load of 3 tons per foot run. Selecting suitable data, design the 
Beotiou of the girder at the centre and at the ends. (I.O.JS., Feb., 1904.) 

9. A load W is applied in the middle of a cantilever of uniform section. 
Prove, either graphically or mathematically, that the elastic deflection 

5 "WP 
of the free end is -r^ ---, , I being the length of the cantilever, I the 

4o 1 Jlj 
second moment of its section, and E the Young's modulus of the material, 

(I.C.E., FO)., 1904.) 

10. State clearly the assumptions on which are based the usual formulse 

for beams ^i^ = - = E t-^, noting to what extent and within what limits 

I y dx^ 

they are true. A cast-iron beam, 2 inches x 1 inch, when subjected to a 
transverse test, broke when the tensile stress (calculated from the formula 
M = /Z) was 35,000 lbs. per square inch. A similar specimen tested in 
tension broke when the stress was 28,000 lbs. per square inch. Why do 
the results differ ? (I. C. E. , Feb. , 1904. ) 

11. The pitch or flute of a trough decking (_/~\_) is 32 inches and 
the depth is 13 inches, the neutral axis being at tbe half depth. The 
moment of inertia round the neutral axis is 883 inch-units. Find the dis- 
tributed load per square foot which can be supported on a span of 30 feet 
if the stress is not to exceed 5 tons per square inch. (I.C.E. , Fd>., 1904.) 

12. An X joist, 20 inches deep, has flanges 7i inches wide and 1 inch 
thick, and web ^ inch thick. The greatest moment of inertia is 1,650 
inch-units, and the total shear over a seowon is 80 tons. Show by a 
diagram, drawn to scale, the intensity of shear stress at all points of the 
section. (I.O.E., Feb., 1904.) 

13. A beam ABCD, whose length AD is 50 feet, is supported at each 
end, and carries a weight of 2 tons at B, 10 feet from A, and a weight of 
2 '5 tons at C, 20 feet from D. Calculate the shearing force at the centre of 
the span, and sketch the diagram of shearing forces. (I.C.E., Oct., 1904.) 

14. Referring to the loaded beam described In the previous question, 
how much additional load would have to be put on at the point B in order to 
reduce the shearing force at the centre of the span to zero ? (I.C.E., Oct. , 1904.) 

15. Describe briefly the reasoning and the hypothetical assumptions on 
which the ordinary theory of transverse flexure is based, and its deductions 
in regard to transverse strength — illustrating by the case of a simple beam 
of rectangular section. (I.C.B., Feb., 1905.) 

16. AsSiming the usual theory of transverse flexure, show how the 
shearing force is distributed over a vertical section of the rectangular 
beam. (I.C.E., JPcft., 1905.) 

17. If any beam of uniform section deflects 1 inch in a span of 100 inches 
under p. central load, what will be the slope <jf the beam at each end ? 

(I.C.E., i?'e5., 1905.) 
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18. A steel girder crossing a span of 120 feet carries a uniform load, and is 
designed with a uniform depth of 10 feet, but with flanges of varying section 
adapted to a constant working stress of 6 J tons per square inch. Calculate 
the deflection, taking E = 13,000 tons per square inch. (I. C. E. , Feb. , 1905. ) 

19. If the girder in the previous question were designed for the same 
span and load, and with the same depth, but were made of uniform section 
with a maximum flange stress of 6^ tons per square inch, what would be 
its deflection ? (I. C. E. , Feh. , 1905. ) 

20. A rectangular beam is loaded by a weight at its centre. How will 
the deflection be changed by (o) doubling the span, (6) doubling the width, 
(c) doubling the depth, (d) doubling the load ? (I.C.E., Oct., 1905.) 

21. If a bar of metal 2 inches square be placed upon bearings 3 feet 
apart, will it carry the greatest load at the centre with the sides vertical 
or with the diagonal vertical ? Give the breaking-load for both positions 
when the bar is made of cast iron. (I.C.E., Oct., 1905.) 

22. State the rule for finding the moment of inertia of a beam section 
which admits of being split up into a number of rectangular areas, and 
apply it to the case of a 4-inch x 4-inch tee-iron whose mean thickness is 
\ an inch. (I.C.B., Feb., 1906.) 

23. A girder made up of a web plate 2 feet 6 inches deep, J inch thick, 
riveted to flange plates by angle irons, is, near the abutments, subjected 
to a shearing load of 23 tons. If the pitch of the rivets connecting the 
angles to the web plate is 4 inches, what size rivets would you put in? 
Shearing stress 5 tons per square inch, bearing pressure 10 tons per square 
inch. (I.C.E.,^e6., 1906.) 

24. A mild-steel joist, total depth 6 inches, flanges 4 inches by § inch, 
and thickness of web ^ inch, rusts away to a depth of t"s of an inch all 
over the surface. Before rusting the load produced a stress of 8 tons per 
square inch on the outer layer. What will be the stress after rusting 
if the load is the same as before? The results need only be given 
approximately. (I.C.E., F^., 1906.) 

25. Describe with sketches the method you would employ to determine 
the deflection produced by a passing train in the main girder of a plate 
girder bridge of about 60 feet span over a road. (I.C.E., Feb., 1906.) 

26. Either of the following sections is available for a beam which is 
required to be as strong and as stiff as possible : — (a) Circular 2 inches in 
diameter, or (6) rectangular 2 inches deep, 1 '178 inches wide. Which would 
you use? (I.C.E., Feb., 1906.) 

27. The deflection of two plate girders is 
to be ascertained when a load of 10 tons acts 



.. j i,^" at the centre. An hydraulic jack capable of 

: ' . ''^ * exerting a push of 5 tons is available ; it is 



A5J 



fitted with a, pressure gauge, so that the 
pressure it exerts can be measured. Sketch 
the arrangement you would employ to deter- 

j B mine the deflection. (I. C. E. , Feb. , 1906. ) 

j 28. A cast-iron water pipe 10 inches ex- 

! temal diameter and J inch thick rests on 

o supports of 40 feet apart. Calculate the 

i I J^ ■ i irg^ maximum stress in the outer fibre of the 

• ! ;" material when empty and when full of 

K 6" M water, also the corresponding deflections. 

(I.C.E.,i;'e6., 1906.) 

29. Calculate the moment of inertia round the axis AB of the rolled 

joist of the section shown in the sketch, assuming that the flanges and web 

are rectangular. (I. C. B. , Feb. , 1906. ) 
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30. Calculate the moment of resistance of the above joist ; and assuming 
it to be resting on bearings 10 feet apart, what load will it carry at the 
centre, when the stress in the extreme fibre does not exceed 6 tons per 
square inch? (I.C.E., FeK, 1906.) 

31. A rectangular bar of steel 3 inches deep by 2 inches wide is placed 
on bearings 5 feet apart with a load of 5 tons suspended from the centre. 
How much will the bar deflect, assuming the modulus of elasticity to be 
30,000,000 lbs. per square inch. (I.C.E., Feb., 1906.) 

32. A rectangular bar of steel 3 inches deep by 2 inches wide is placed 
on bearings 6 feet apart, the ends simply resting on the bearings ; 
assuming the modulus of elasticity to be 30,000,000 lbs. per square inch, 
how much will the bar deflect when a load of 2 tons is placed at the 
centre ? (I. C. E. , Oct. , 1906. ) 

33. A plate girder, 30 feet long and 4 feet deep, carries the equivalent 
of a uniformly-distributed dead load of 6 tons per foot run ; find the 
necessary thickness of the flanges at the centre, the breadth being 16 inches. 
The flanges are connected to the web by angles 4J inches x 4J inches x J 
inch. Show how you allow for the material cut away for the rivet holes, 
and how to determine the length of the individual plates in the flanges. 
Take the working intensity of stress for tension 9 tons per square inch, 
and for compression 7 tofis per square inch, and the rivets as J inch 
diameter. (I.C.E., Oct., 1906.) 

34. Calculate the necessary thickness for the web of the girder in the 
last question, and, taking a convenient value, find the number of rivets, 
§ inch diameter, required per foot to connect it to the angles at the ends of 
the girder. Why cannot the full shearing strength of these rivets be 
developed? (I.C.E., Oct., 1906.) 

35. What is the least internal radius which a, bar of steel 4 inches 
wide X f inch thick can be bent so that the maximum stress will not 
exceed 5 tons per square inch ? E = 13,000 tons per square inch. 

(I.C.B., Feb., 1907.) 

36. A wrought-iron girder is 20 feet long and 2 feet deep, with flanges 
9 inches broad and j inch thick, the web being f inch thick. What 
uniformly-distributed load will the girder carry with a maximum intensity 
of stress of 5 tons per square inch in the flanges? What is the total 
horizontal shear between the web and flange from the centre to the end . 

(I.C.E., Feb., 1907.) 

37. Find the centre of gravity of the section I shown, and its moment 
of inertia round a line through the centre of ' 
gravity parallel to A B. (I. C. E. , Oct. , 1907. ) . ^---Z-- 

38. An oak beam, 12'feet span, is supported .,1 
at both ends ; it is 9 inches wide and 12 inches *L__, 
deep in cross-section, and carries a brick wall '^ 
9 inches thick. Find to what height the wall 
can be built with safety, if the greatest per- 
missible stress is 1,000 lbs. per square inch. 
Weight of brickwork, 120 lbs. per cubic foot. 

(I.C.B., Oct., 1907.) 

39. A piece of Tee-iron consists of a web J inch 
thick and 4 inches deep, combined with a flange 
2 inches broad and ^ inch thick. The piece is 
subject to compression, and the line of action 
of the compressive force is not axial, but acts 

in a line parallel to the axis through the centre of depth. Compare 
its strength under this condition with its strength if the force were 
axial. (I-CE., Oct., 1907.) 
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40. The cross-section of a oast-iron girder consists of a top flange 4 inches 
wide, 2 inches thick ; bottom flange, 10 inches wide, 2 inches thick ; web, 
8 inches deep, 1 inch thick. Determine its moment of inertia about an axis 
through the centre of area parallel to the flanges. If the span is 20 feet, 
determine what distributed load it will carry for a working tensile stress 
of IJ tons per square inch. (I.C.E., Oct., 1907.) 

41. Find the greatest deflection in inches of a rectangular wooden beam 
carrying a load of 2 tons at the centre of a span of 20 feet, with a limiting 
intensity of stress of 1,000 lbs. per square inch. The depth of the beam 
is 14 inches. Calculate the breadth. Assume E = 600 tons per square 
inch. (I. C.E., Oct., 1907.) 

42. Assume the rolled steel joist shown by the diagram to have rect- 
angular flanges and web. Calculate (a) the section modulus, (6) the 
moment of inertia about the axis AB, i " I 

(c) the least radius of gyration. ••- fi —*\ 

(I.C.E., Oct., 1907.) 

43. Supposing the joist shown by the 
diagram to be resting upon supports 20 feet 
apart, what load would it carry in the 
centre so as not to exert a greater unit- 
stress in the extreme fibres than 8 tons per 
square inch ? Neglecting the weight of the 
beam, what load applied to the centre would 
deflect it J inch? Assume the modulus of 
elasticity to be 28,000,000 lbs. per square 
inch. (I.C.E., Oct., 1907.) 

44. The cast-iron valve box of a pump 
has one side 18 inches square inside sup- 
ported on all four sides by being cast to the body of the box ; but it is 
not stiffened by any ribs. The pressure in the box being 300 lbs. per 
square inch, what must be the thickness of the side to give a factor of 
safety of 4 ? (I. C. E. , Oct. , 1907. ) 

45. Find the radius in feet of the smallest circle into which a round bar 
4 inches in diameter can be bent, if the longitudinal stress be limited to 
4 tons per square inch, and the modulus of elasticity be 12,500 tons per 
square inch. (I.C.E., Feb., 1908.) 

46. A floor is formed of wooden joists 9 inches deep and 3 inches wide, 
spaced 14 inches apart centre to centre. The clear span is 20 feet. 
Determine what distributed load per square foot the floor can safely carry 
if the longitudinal stress is limited to 1,000 lbs. per square inch. 

(I.C.E., Feb., 1908.) 

47. Calculate the following properties of a rolled steel joist, 15 inches 
deep over all, with flanges 6 inches x f inch, and web J inch thick : — 
(o) The moment of inertia about the horizontal axis, (6) the radius of gyra- 
tion about the horizontal axis, (c) the section modulus. (I.C.E., Feb., 1908.) 

48. A rectangular beam, 12 inches deep and 4 inches wide, rests on bear- 
ings 10 feet apart, and is loaded with 10 tons at the centre, what is the 
maximum stress in the extreme top and bottom fibres ? (I.C. E. , Feb. , 1908. ) 

49. A rolled steel joist, having a section modulus of 18-inch units, is 
designed to act as a vmiformly-loaded continuous girder over two spans ot 
20 feet each, the stress in the extreme fibre being 7 tons per square inch. 
After erection, it was found that the centre support had subsided J inch ; 
what was the effect on the stresses of the beam at this point ? 

(I.C.E., Feb., 1908.) 

50. A rolled steel joist 12 inches deep over all, with equal flanges 6 inches 
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VFide, I inch thick and web J inch thick, is placed upon bearings 20 feet 
apart. If a load of 10 tons be applied at the centre, what will be the 
deflection, assuming the modulus of elasticity to be 13,000 tons per square 
inch? (I.O.E., Oct., 1908.) 

51. Establish the formula for ascertaining the deflection of a rectangular 
beam with depth a, breadth 6 when loaded uniformly with a load W over a 
^an I, assuming that the curve of deflection is circular. (I.C.E., Oct., 1908.) 

52. Three cast-iron bars have each an area of 4 square inches cross- 
section, two of them being square, the third one being circular ; they are 
placed upon bearings 5 feet apart in the following positions : — 



4-St^.lncbes 





What is the ratio of the respective breaking weights ? ^I. u. J3i., uci. , 1908. ) 

53. What is the bending moment in lb. -inches which can be applied 
to a concrete beam 1 6 inches deep by 10 inches wide, reinforced by four 
steel rods j inch in diameter placed with their centres 2 inches above the 
bottom surface, so that the working-stresses do not exceed 15,000 lbs. per 
square inch on the steel and 600 lbs. on the concrete? Assume the 
modulus of elasticity of the steel to be 30,000,000 lbs. per square inch, and 
that of the concrete 2,000,000 lbs. per square inch ; the neutral axis is 6'3 
inches below the top surface. (I.C.E., Oct., 1908.) 

54. The cantilever frame as shown carries a load, W , at its point, which 
load causes a uniform stress of 5 tons per square inch in every member. 



'iOPt ^>|* lO ft - 




Calculate the deflection of the point of the cantilever. What percentage 
of the total deflection is due to the web members ? Assume the modulus 
of elasticity to be 10,000 tons per square inch. (I.C.E. , Oct., 1908.) 
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tiEOTURE IV.— I.e. E. Questions. 

1. A turbine is connected to a dynamo, placed vertically above it, by 
a shaft 2 feet in diameter made of steel plate g inch thick. Calculate the 
diameter of a solid shaft of the same material to transmit the same power 
at the same speed with the same maximum skin stress, due to twist. Find 
the relative weights. (I.C.E., Oct., 1903.( 

2. A mild steel shaft transmits 100 H.P. at 120 revolutions per minutej 
and is subjected to a-maximum bending moment of 2,000 Ib.-feet. Find 
a suitable diameter if the maximum resultant stress is not to exceed 6,000 
lbs. per square inch. (I.C.B., Oct., 1903.) 

3. A shaft, 3 inches in diameter, running at 250 revolutions per minute, 
transmits 50 H.P. Find the maximum stress and the twist of the shaft in 
degrees in a length of 100 feet. The rigidity modulus is 12,000,000 lbs. 
per square inch. (I.C.B., Feh., 1904.) 

4. Prove the common formula for the resultant stress in a circular shaft 
subject to combined bending and twisting. (I.C.E., Feb., 1904.) 

5. A shaft S is driven at a speed of 800 revolutions per minute by means 
of an engine of 300 H.P., the speed of piston being 500 feet per minute. 
The connection between the shaft S and that of the engine is effected by 
a belt which embraces a pulley of 8 inches diameter on the shaft 8. 
Neglecting losses by friction, estimate the mean pull and thrust of the 
piston-rod, the torsion of the shaft S, and the tension of the belt, assuming 
that of the slacker side to be one-third of that of the tighter. 

(I.C.E., Oct., 1904.) 

6. A shaft 20 feet long has to transmit a twisting moment of 1,000 
lb. -feet when revolving at 200 revolutions per minute. Find the required 
diameter so that the shaft will not twist more than 2 degrees, and that 
the maximum stress shall not exceed 5 tons per square inch. 

(I.C.E., Oct., 1905.) 

7. A marine engine whose mechanical efficiency is 88 per cent, indicates 
1,000 H.P., and runs at 80 revolutions per minute. The speed of the ship 
is 12 knots. What size would you make the propeller shaft for this engine 
if solid, allowing 4 tons per square inch? What would be the direct 
compression stress in it between the propeller and the thrust block, and 
what would be the stress due to the twisting moment between the engine 
and the thrust block ? (I. C. E. , Feb. , 1 906. ) 

8. Two steel shafts 6 inches in diameter have to be coupled together by 
an ordinary coupling. The diameter of the pitch circle of the bolts is 13 "5 
inches, and the torque is 6,000 foot-lbs. Calculate the number and size of 
the bolts (steel), and make a hand sketch of the coupling. 

(I.C.E., Jfefe., 1906.) 

9. What conditions determine the dimensions of the crank pin of a 
simple overhung crank ? (I.C.E., Feb., 1906.) 

10. The crank shaft for a gas engine should be much larger in diameter 
than the shaft of a steam engine of the same power and speed. Why is 
this? (I.C.B., ii^eft., 1906.) 

11. A wrought-iron crank shaft, 6 inches diameter and 20 feet long, has 
a load applied to the crank which twists the ends through an angle of 2° ; 
taking the coefficient of transverse elasticity as 9,000,000 lbs. per square 
inch, what is the stress at the extreme fibre ? (I.C.E., Oct., 1906.) 

12. A shaft has to transmit 50 H.P. at 300 revolutions per minute, find 
the required diameter of the shaft, so that the extreme fibre stress may not 
exceed 5 tons per square inch. (I.C.E., Feb.. 1907.) 
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13. Determine an expression for the amount of twist in a circular shaft 
unijer a given twisting moment. A steel shaft is 3 inches in diameter and 
60 feet long ; find the angle in degrees through which it will be twisted 
if subjected at one end to a twisting moment of 20,000 lb. -inches. 

(I.C.E., Oci., 1907.) 

14. What horse-power can be transmitted by a steel shaft 4 inches in 
diameter when running at 300 revolutions per minute ; the stress in the 
extreme fibre to be 6 tons per square inch? (I.C.E., Oct., 1908.) 



Lectubb v.— I.C.E. Questions. 

1. Sketch and describe any arrangement in which a weight can be moved 
along a beam which oscillates about a fixed fulcrum — such as the beam in 
a testing machine — without exercising any constraint on the oscillatory 
motion of the beam. (I.C.E., Oct., 1903.) 

2. Specimens of (a) cast iron and (b) mild open-hearth steel are to be 
tested in direct tension. Sketch the forms of test-piece and of holding 
shackle that would be suitable in each case, and describe the kind of 
fracture that may be expected to take place. (I.C.E., Oct., 1904.) 

3. In testing specimens of mild steel, with a given length between 
gauge -marks, how would the ultimate elongation be aflected by the 
diameter of the test-piece ? (I. C. E. , Oct. , 1904. ) 

4. Describe, with sketches, and explain the working of any form of 
autographic apparatus for producing a stress-strain diagram during the 
testing of a specimen to destruction in tension. (I.C.E., Feb., 1908.) 



Lkctueb VI.^I.C.E. Questions. 

1. Describe carefully a machine for testing specimens under repeated 
bendinp or tensile stresses. State briefly the general results of such tests 
and their bearing on design. (I.C.E., Feb., 1904.) 

2. If the ultimate strength of the above-named specimens (Lecture V., 
Q. 2) proved to be (o) lO'tons per square inch, and (5) 27 tons per square 
inch of original section, how much ultimate elongation would you expect 
to find, and what would the figures indicate in regard to the capability 
of the material for resisting a blow? (I.C.E., Oct., 1904.) 

3. How would the ultimate elongation be aflected in each case if the 
above-named test-pieces (a) and (6), with a diameter of J inch, were cut 
by a narrow groove J inch deep and J inch wide without any sharp angles 
(gauge-marks, say, 8 inches apart)? Give any explanation that you can by 
reference to a sketch of the stress-strain diagram. (I.C.E., Oct., 1904. ) 

4. In designing girder-work of mild open-hearth steel what working 
stress would generally be considered safe and suitable for the two following 
oases :— (i.) A wholly dead load producing stress o? (ii.) a wholly live load 
(without shook) causing sudden alternations of stress from zero to 6 — the 
stress 6 being statically reckoned? (I.C.E., Oct., 1904.) 

5. Explain the reasons that would influence your own mind in treating 
these two oases difierently, and give some practical rule for determining 
the safe working stress in intermediate cases, where the stress alternates 
between a and a + b. (I.O.E., Oct., 1904.) 

6. Two bars of steel 12 inches wide by 1 inch thick are required to be 
joined together to resist tension. Sketch (o) a theoretical joint giving the 
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maximum efficiency, and (6) a practical joint with a high efficiency, and 
indicate where the joint would fall. (I.C.E., Oct., 1905.) 

7. Two bars of steel 6 inches by 3 inches are joined together by a jaw on 
the end of one bar and an eye on the other, with a pin passing through the 
two, to withstand a tensile stress of 120 tons. Assuming the width of 
the eye to be 3 inches and the sides of the jaw 2 inches each, determine the 
diameter of the pin so that the unit stress of the extreme fibre shall not 
exceed 6 J tons per square inch. (I.C.E., Oct., 1905.) 

8. What is meant by the "fatigue" of metals? Describe briefly the 
results of Wohler's experiments on this subject. {I.C.E., Oct., 1906.) 

9. Describe the effect of a compressive load upon cubes of any two of 
the following materials : — Cast iron, cast steel, timber in the direction of 
the fibre, sandstone, and concrete; give, if possible, the unit crushing 
loads. (I. C.E., Oct., 1906.) 

10. Describe briefly the efieots on the strength and elasticity of the 
various forms of iron and steel when treated by the following processes : — 
Annealing, tempering, case-hardening, and chilled casting. 

(I.C.E., Feb., 1907.) 

11. How is the strength, structure, and elasticity of a rod of steel affected 
when drawn into a fine wire ? (I. C. E. , Feb. , 1 907. ) 

12. When the stresses due to dead load and the maximum tensile and 
compressive stresses due to live load have been determined for each 
member of a structure, explain how the cross-section area of the various 
ties and struts may be determined. (I.C.E., Feb., 1907.) 

13. A suspension bridge is composed of two ribs having a parabola for 
their centre lines ; the ribs are connected together by a hinge at the centre 
and are hinged at the supports ; show how to find the tensions in the 
flanges of the ribs due to a uniform load on the bridge. (I. C. E. , Feb. , 1907. ) 

14. Give the conclusions arrived at from the results of Wohler's experi- 
ments regarding the effect of repeated application of loads on the strength 
of a bar, and explain how they can be utilised in structural and machine 
design. (I.C.E., Oct., 1907.) 

15. A vertical steel suspension-rod of a bridge is 30 feet long and 1 square 
inch in sectional area ; it carries 3,500 lbs. of the roadway, and 3,000 lbs. 
of the live load. Determine the extension of the rod. B = 13,000 tons 
per square inch. (I. C. E. , Feb. , 1908. ) 



Lecture VII.— I.C.E. Questions. 

1. Sketch neatly and describe an extensometer suitable for the deter- 
mination of the Young's modulus of the material of a specimen 8 inches or 
10 inches long, noting any prominent features in the design and the reason 
for their adoption, Define " elastic limit " and "yield point." 

(I.O.E., Oct., 1903.) 

2. A square bar of isotropic material, stressed within the elastic limit, is 
loaded so that the stress intensity over each section is (1) uniform, (2) pro- 
portional to the distance from a line drawn through the centre parallel to 
one side, tension on one side and compression on the other side of the line. 
Calculate, in terras of the maximum stress and the Young's modulus, the 
energy stored per unit volume in both oases. (I.C.B., Oct., 1903.) 

3. Exhibit, on a diagram drawn approximately to scale, the relation 
between the stress applied and the resultant strain in mild steel (suitable 
for bridge work) and annealed copper bars about 10 diameters long. 

(I.C.E., Oct., 1903.) 
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4. In a tensile test of a wrought-iron bar, 0-75 inch in diameter and 10 
inches between the gauge points, the following results were obtained :— 

Stress in lbs. per \ _ .. 

square inch, J *•""" 
Extension percent., 0'027 
Stress in lbs. perl .„ ^nn 

square inch, / **>""" 
Extension per cent., 6-5 

The yield point is 38,000 and the specimen broke at the maximum stress, 
65,000. Plot the stress-strain diagram. Calculate the Young's modulus 
and find approximately the work done per cubic inch up to fracture. 

(I.C.E., Feb., 1904.) 

5. What is meant by the "steelyard drop,'' or the "yield point"? At 
what load would you expect to find it in test-pieces of — (a) wrought iron, 
(6) 27-ton steel? (I.C.E., Feb., 1905.) 

6. Describe briefly the observed effects of a direct compressive load 
applied to cubes or short cylinders of the following materials : — (a) Sand- 
stone, (6) mild steel, (c) oast iron, (d) timber placed with the grain on end. 

(I.C.E., Fa., 1905.) 

7. Sketch the form of the stress-strain diagram, showing the plastio 
elongation of tough mild steel as commonly observed under dSrect tension. 

(I.C.E., Feb., 1905.) 

8. Describe and illustrate some of the methods and appliances for the 
accurate measurement of elastic extensions, and show how Young's 
modulus is determined. (I.C.E., Feb., 1905.) 

9. How is the strength of the material affected when rivet-holes are 
punched in thick or thin plates of mild steel, or in the foot of a Vignoles 
rail of harder steel? (I.C.E., Feb., 1905.) 

10. Sketch approximately to scale stress-strain curves as drawn by an 
automatic recorcfing apparatus for test bars of wrought iron, mild steel, 
and soft rolled brass. State what you would expect the load per square 
inch to be at the limit of elasticity and at fracture ; also the maximum 
stress for each of the bars. (I.C.E., Oct., 1905.) 

11. Describe any instrument with which you are acquainted for measur- 
ing the elastic tension in a test-bar. (I.C.E., Oct., 1905.) 

12. Describe some form of S'drop weight" or "impact" testing machine. 

(I.C.E., Oct., 1905.) 

13. How would you prepare the following materials for compression 
tests : — A block of sandstone about 3 inches cube, a brick, a piece of cast 
iron 10 inches long and 1 inch square in section? (I.C.E., Oct., 1905.) 

14. Sketch an apparatus suitable for taking the necessary measurements 
for obtaining the modulus of elasticity of steel, and briefly describe the 
same. (I.C.E., Oct., 1906.) 

15. When testing a piece of steel in an ordinary testing machine, explain 
clearly what happens to the test-piece up to the moment of fracture, and 
draw a stress-strain diagram. (I.C.E., Oci., 1906.) 

16. Define "stress" and "strain." The following data were obtained 
from a tensile test on a mild steel bar : — Original dimensions : length, 
8 inches; area of cross-section, 0-62 square inch. Final dimensions: 
length, 10 '2 inches ; area of cross-section, -34 square inch. Load at elastic 
limit, 13 tons ; maximum load, 19-6 tons. Mean extension per ton of load 
up to elastic limit, O'OOl inch. Determine the intensity of stress at 
elastic limit ; the intensity of the breaking stress ; the contraction of area 
per cent. ; and the modulus of elasticity. (I.C.E., Oct., 1907.) 
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17. Describe a testing machine for making a tensile test to destruction 
of a piece of mild steel. Sketch the stress-strain diagram you would 
expect to get, and mark on it the chief points to be noted, giving 
approximate values. What measurements are made of the test-piece 
itself, and explain with what objects they are taken ? (LC.E.,Oc«., 1907.) 

18. State the characteristics of the " plastic state " of a material. De- 
scribe the observed effects of direct compressive loading applied to cubes 
or short cylinders of (a) mild steel, (6) cast iron, (c) timber placed with 
the grain on end. (I.C.E., Feb.,mS.) 

19. Draw roughly to scale the load-extension diagram of the tensile test 
of a steel bar 1 inch in diameter, having a maximum strength of 32 tons 
per square inch ; indicate the points in the diagram where changes in the 
structure occur. (I. C. E. , Oct. , 1 908. ) 

20. State briefly what effects the following conditions have upon the 
testing of steel : — (a) The length of the test-piece, (6) the sectional area of 
the test -piece, (c) the shape of the test-piece, (d) the time occupied in 
making the test. Q..C.E., Oct., 1908.) 

Lbctuee VIII. — I.C.E. Questions. 

1. A vertical mild steel tube of 6 inches external diameter, J inch thick, 
is securely bedded in the ground. Its height above ground is 10 feet, and 
it is subjected at the upper end to a horizontal pull of 1,500 lbs. Calculate 
the maximum stress at the ground section and the deflection at the top. 
Take E as 30,000,000 lbs. per square inch. (I.C.E., Oct., 1903.) 

2. Criticise briefly Euler's, Rankine's, and Gordon's formulae for struts. 
Which do you prefer to use, and for what reasons? (I.C.E., Feb., 1904.) 

3. A number of connected loads roll across a bridge. Explain carefully 
how you would find the maximum bending moment at any section. 

{I.C.E., Feb., 1904.) 

4. A masonry column is circular in section. Show that, ii the line of 
pressure cuts the section at a point which is distant more than J of the 
diameter from the centre, there will be tensile stress over a portion of the 
section. (I.C.E., Feb., 1904.) 

5. A rolled T bar, 4 inches x 4 inches x J inch, is to be used as a strut. 
Find the moment of inertia I, and the radius of gyration k of the section 
about a neutral axis parallel to the top-table, and about another at right 
angles to the first. (I.C.E., Oct., 1904.) 

6. A slender rod of steel, 5 feet long, and either square or cylindrical in 
section is tested for elastic deflection as a beam supported at the extreme 
ends. It bends exactly 1 inch under a central load of 20 lbs. Calcu- 
late the breaking weight of the same rod when set upright and used as a 
column with rounded ends (adopting Euler's formula). {I.C.E., Oct., 1904.) 

7. In what cases may Euler's formula be rationally and safely used for 
calculating the breaking weight of a column ? In what other cases would 
the formula be unreliable, and what kind of error would it introduce? 

(I.C.E., Oct., 1904.) 

8. In the case of solid cylindrical columns, what would be your rough 
estimate of the relative strengths of cast and of wrought iron — (a) when 
the length of the column is equal to 5 diameters, and (6) when it is 50 
diameters ? (I. C. E. , Feb. , 1905. ) 

9. Find the sectional area A, the moment of inertia I (about the dia- 
metral axis), and the radius of gyration E, for a hollow cylindrical column 
whose external diameter is 8 inches, and its internal diameter 6 inches. 

(I.C.E., Feb., 1905 
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10. A hollow circular column has a projecting bracket on which a load 
of 1 ton rests. The centre of this load is 2 feet from the centre of the 
column. External diameter of column is 10 inches and the thickness 
1 inch. What is the maximum compression stress ? (I.C.E., Oci., 1905.) 

11. A solid oast-iron column, 6 inches in diameter and 10 feet high, is 
fixed firmly at each end. What load will it carry when the unit stress is 
not to exceed 8 tons per square inch? (I.C.E. , Oct., 1905.) 

12. A circular mild-steel tie bar, 3 inches in diameter and 30 feet long, 
is overloaded until it is fractured. Take 26 tons per square inch as the 
breaking load, and 10 per cent, as the extension. Limit df elasticity 
15 tons per square inch. Calculate by an approximate rule the work done 
in fracturing the bar. (I.C.E., Feb., 1906.) 

13. The strut in a, framed structure is formed of a steel pipe 6 inches 
external diameter and J inch thick ; it is 10 feet long and has pin con- 
nections at each end. With a factor of safety of 5, to what load may 
it be submitted? (I.C.E., Feb., 1906.') 

14. In which way would a steel column 30 feet long by 9 inches external 
and 8 inches internal diameter fail, assuming a load to be applied in the 
direction of the longitudinal neutral axis? Assuming the ends to be 
hinged, what load would this column safely carry with a factor of safety 
of 5, the ultimate strength of the material being 30 tons per square inch, 
and the modulus of elasticity 30,000,000 lbs. per square inch ? 

(I.C.E., Oct., 1906.) 

15. A column 20 feet high, fixed in direction at the ends, has to carry a 
load of 25 tons, and consists of an X section beam, 12 inches deep and 
8 inches wide. Find the necessary thickness for the flanges, neglecting 
the effect of the web and taking a factor of safety of 3. Given that the 

21 S 

breaking load = yi. — > where S = the cross-sectional area, L = the 

1+ ?^! 

30,000 *2 
length, and h = the radius of gyration. (I.C.E., Oct., 1906.) 

16. A cast-iron strut, 2 feet long, with a sectional area of 8 square inches 
carries a load of 32 tons. Assuming E = 8,000 tons per square inch, how 
much is the strut shortened ? What is the stress and what is the strain ? 

{LCE.., Feb., 1907.) 

17. A building 20 feet high to the eaves and 50 feet wide is to be con- 
structed of steel columns placed 15 feet apart, with the sides formed of 
steel framing and plaster slabs. The roof has a rise of 12 feet above the 
eaves, and its weight is 20 lbs. per square foot. With a wind pressure 
of 40 lbs. per square foot on the sides and of 2'4 lbs. per square foot 
normal to the roof, calculate the stresses in the column, and sketch the 
sections to be adopted ; the maximum stresses not to exceed 5 tons per 
square inch. Assume the base to be rigidly fiSced, and the roof truss to be 
simply carrying its own weight and not assisting the column. 

(I.C.E., Oc«., 1907.) 

18. A circular steel chimney 5 feet in diameter outside, is to be built 
of steel plates f inch thick ; assuming the diameter of the chimney and 
thickness of plates to be constant, and the base rigidly fixed to the 
foundation, how high can the chimney be built to withstand a wind 
pressure of 40 lbs. per square foot equally distributed over the whole 
siwfane. and not to exceed a unit-stress of 6 tons per square inch ? 

(I.C.E.. Oct., 1907.) 
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19. Find by Rankine's formula, 



l + as 



the working load for a mild steel column, 24 feet long, firmly fixed at the 
ends. The column is of X oross-seotion, and consists of two equal flanges 
8 inches wide by 1 inch thick. Web, 4 inch thick. Distance between 
flanges, 10 inches. The constant "a" in formula = ^Jinr; /= 21 tons 
per square inch ; k = radius of gyration of section with respect to axis 
about which I is least. Assume a factor of safety 5. (I.C.E., JFeb., 1908. ) 

20. Assuming the safe unit load for cast iron in direct compression to be 

5 tons per square inch, what would be the safe unit load on a oast-iron 

column 20 feet long, 12 inches external diameter, with metal 1 inch thick, 

II 
the column being fixed at the ends ! Adopt the formula / = ^ ~ SK ~ J 

where / is the safe unit load in tons, I is the unit length, and r is the least 
radius of gyration. (I. C. E. , Feh. , 1908. ) 

21. If a solid column, 10 feet long and 4 inches in diameter, is eccentric- 
ally loaded, what load, acting vertically at a distance of 1 foot from the 
centre of the column, would produce an extreme fibre stress of 3 tons per 
square inch? (I.C.E., Feb., 1908.) 

22. A steel bar 1 inch wide and J of an inch thick is bent in the form of 
a semicircle, so that the unit stress is 7 tons per square inch ; what is the 
tension in a wire holding the two ends in position ? Assume the modulus 
of elasticity to be 13,000 tons per square inch. (I.C.E., Oct., 1908.) 

23. The revolving portion of a crane, weighing 30 tons, is carried upon 
a steel centre post 15 inches in diameter. The centre of gravity of this 
revolving portion is 3 feet 4 inches from the centre of the post. The load 
to be lifted by the crane is 10 tons at 20 feet radius, on the opposite side 
of the post from the centre of gravity of the revolving part of the crane. 
What is the maximum bending moment on the crane post, and what are 
the maximum and minimum stresses induced in it ? Note that the entire 
revolving weight both of crane and load is carried by the post. 

(I.C.E., Oct., 1908.) 

24. If a column has rounded ends, how is its strength measured according 
to Euler's Theory, and what conditions are necessary for this theory to be 
valid? (I.C.E., Ocf., 1908.) 

25. A column imposes a load of 133 tons uniformly on the top of its 
foundation. The column base is 3 feet 9 inches square. The foundation 
has bottom dimensions of 8J feet square, at a depth of 2| feet below the 
column base plate. Make the necessary calculations and sketch a grillage 
foundation of two layers of rolled steel joists embedded in concrete. The 
concrete is not to be taken as contributing to the strength. It will be 
sufficient to state the moduli of joist sections required, allowing 7 tons per 
square inch maximum stress, (I.C.E., Oct., 1908.) 
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ANSWERS TO QUESTIONS AT END OF LECTURES. 



LECTtTRE I.— Ordinary. 



5. Resilience = 32 '4 foot-lbs. 

6. Resilience = 391 inoh-lbs. 

7. Internal diameter of covering hoop = 11 -99 inches. Internal diameter 
of third hoop = 17 '99 inches. 

10. See p. 7. 

12. Working press. = 326 '6 lbs. per sq. in. and 752-68 ft. head of water. 

13. See pp. 10, &c., for full answer. 

14. 140 tons per square inch. 

19. Stress in metal of tube due to its load = 14,602 lbs. per square 
inch; pressure of compressed air = 87 '2 lbs. per square inch. Tensile 
stress at bottom of tube = 29,204 lbs. per square inch. 



Leotube I. — C. & G. 

1. 4 inches diameter. 2. Load = 8"5 tons. 

3. Extension = •114 inch. 4. 9 studs. 



Lectttbb I. — Inst.C.B. 

1. See pp. 16-19 for complete solution. 

2. Stress = 4,991 lbs. per square inch; E = 10,695 tons per square inch. 

3. Length of rod = 322-6 feet. 

5. 569 tons ; 500 tons ; 283-2 tons. 

8. Extension = -18 inch. 

9. 5,832 lbs. per square inch ; E = 16*9 tons per square mch. 
10. E = 27,428,571 lbs. per square inch. 

15. Elongation = -75 inch. 

16. Tensile stress at centre = 5,184 lbs. per square inch. 

18. (a) 28,143,000 lbs. per square inch. (6) 34,000 lbs. per square inch, 
(c) 38-6 per cent, {d) 6,725 inch-lbs. 
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19. Length = 102'6 feet. Area = 9'5 square inches. Weight = 1'47 
tons. Maximum pull = 38 tons. 

21. Tension at middle of chain = 48*83 tons. Tension at ends of 
chain = 79 '3 tons. 



22. 



Members in 


Stress in 


Members in 


Stress in 


Tension. 


Cwts. 


Compression. 


Cwts. 


ED 


16-0 


AE 


25-5 


FG 


20-5 


BE 


25-5 


GD 


4-5 


CH 


17-5 


GH 


2-0 


CI 


17-5 


ID 


5-5 


EF 


18-0 






HI 


0-0 



24. 13 "7 by Gordon's formula. 

25. Tensile stress = 5-6 tons per sq. inch. Elongation = "124 of an inch. 

26. Load = 3,142 lbs. 27. 180° F. 



Lecture II. — Ordinary. 

7. (1) Maximum BM = 1,000 lb. -feet, SF = 200 1bs. (2) Maximum 
BM= 1,000 Ib.-feet, SF = 4001bs. 

8. B M at 10 feet = 133^ ton-feet ; B M at 15 feet =150 ton-feet. 

9. S F at 25 feet = 3i tons ; S F at 50 feet = 12* tons. 
11. D = 10J inches. 

13. Breadth = 3J inches, depth = 6 inches, web = J inch, flanges = 
f inch thick. 

15. B M at C = 356t't ton-inches ; B M at D = 2,370tV ton-inches ; B M 
at E = 683A: ton inches ; S F at C = 14if tons ; S F between C and D = 
4Jf tons ; S F between E and B = 8ts\ tons ; S F between E and = 1^^ 
tons ; total at D = 6 tons. 

16. BM under 3 tons = 780,444 lb. -inches ; BM under centre of girder 
= 1,122,660 lb. -inches ; BM under 71 tons = 1,212,480 lb. -inches. 

17. BM at centre of span = 9 -25 ton-feet; BM under concentrated 
load = 8*8 ton-feet. 



Lecture II. — Inst.C.E. 

2. 5-25 tons on each span. 4. S F = 112-8 tons. 

7. S F at 10 feet from end = IJ cwts. 

12. Maximum B M at centre = 34 ton-feet ; maximum S F = 3-4 tons. 

13, Stress on the material = 2'2 tons per square inch. 

15. Distribution of pressure on base = -96 to 1-63 tons per square inch. 

16. R = 5,9734 lbs. ; BM = 1,400 Ib.-feet. 

18. B M at centre = 9 ton-feet ; B M at each support = 12 ton-feet. 

19. L inch-cwt. or 112 L inch-lbs. 
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20. BM at A = BM at C = W L + i w l^ = 3,000 ton-Uet ; 
B M at B = 3,000 - ^ = - 2,400 ton-feet. 

22. 80 feet. 

24. Shearing force at a section 30 feet from either support = + 25 tons. 

25. Maximum B M = 50,625 ton-feet. 

26. B M at centre = 2,700 ton-feet ; B M at 30 and 90 feet = 2,025 ton- 
feet. S F at centre = 22 J tons ; S F at 30 and 90 feet = 60| tons. 

27. Reaction at ends = 33,750 lbs. Reaction at centre = 112,500 lbs. 
B M at centre = - 506,250 lb. -feet. Maximum intermediate B M = 284,766 
lb. -feet. 

28. Upward force = f W. 

29. S P = 208J lbs. B M = 780-4 lb. -feet. 

30. Maximum B M at 10 feet from end = 3,666§ lb. -feet ; maximum S F 
at the same point = + 533^ lbs. 

31. Maximum B M = 302-5 ton-feet ; maximum S F = 22-5 tons. 

33. Ratio of loads, 1 : 5. 34. Reactions = 37i and 72J tons. 

35. Planes of principal stresses are at 19° 20' and 70° 40' to the vertical. 
Intensities of stress 5-7 and -0-7 tons per square inch. 

36. Approximately the same weight. 



Lecture III.— Oedinabt. 

5. Stress at outer fibres = 14,000 lbs. per square inch. 

6. Stress for circular section = 5 tons per square inch ; for rectangular 
section = 5 tons per square inch. 

12. 20i inches depth ; area of top flange 7 -5 square inches ; area of bottom 
flange = 18| square inches. 

13. W = 18f tons, or JO = 1-54 tons per foot run. 

18. W = 45,702 lbs., or 1305-8 lbs. per foot run. 

19. Ratio of RM, 4-56: 1. 

20. BM = 284-6 lb. -inches, and/, = 4,171 lbs. per square inch. 
22. BM = 17-5 ton-feet. Points of inflexion 4 feet from each end. 
26. W = 5,625 lbs. S = -453 inch. 

29. Max. BM = 32f ton-feet; max. SF = 8Jtons. /« and/, =44,400 lbs. 
per square inch. Max. /, = 5,460 lbs. per square inch. 

30. Deflection = -032 inch. 32. W = 342 tons. 

34, E = 14, 199,691 lbs. per square inch ; /= 151,200 lbs. per square inch. 



Lecture III.— Inst.C.E. 

3. 104Jtons; 108-8 tons ; 147-2 tons; 542 tons. 

6. Max. stress = 7-5 tons per square inch ; A = -21 inch. 

10. Slope 3° due to its own weight, and 2° 52' due to central load. 

11. WL2-f-12EI. 

12. Neutral axis = -69 inch from base ; R M = 4-68 ton-inches. 

13. 410-5 tons; 540 tons; 649 tons. 

14. Resultant force = 390-7 tons at 66° 48'. 

17. Max. B M = 500 ton-feet under trailing axle of locomotive. 

18. Max. SF at right abutment = 47 -4 tons, and max. SF at centre 
= 17-6 tons. 

2 16 
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20. ■g.atio of deflection of girders, 3 : 2. 

21. Relative deflections of girders, 6 : 5. 

22. WL»-T-4EI. 23. (a) 0; (6) 24 : 1. 

24. § total load at centre and -^ at ends. 

25. Approx. 9i feet from the bottom. 26. / = 2^^ tons per square inch, 

32. Ratio of strength of beams, 1 : 1 '44. 

33. Compressive stress= 18,432 cwts. 36. I == 1,514 units. 
37. Max. stress is 4 '28 tons per square inch. 

41. A = 3-75 inches. 42. A = 225 inches. 

43. B M at B and C = 432 lb. -ft.; B M at centre of span B C =- 108 Ib.-ft. 

44. E = 5,832 tons per square inch. 

45. Max. tensile stress = 9'6 tons per square inch. 

46. A = '59 inch. 47. A = '72 inch. 

48. Awi : Ao : : 8 : 13. 49. Tension on the string = 4 lbs. 

50. Breaking load = 4,741 lbs. 

51. Max. stress = 4'42 tons per square inch. 

52. (a) § inch ; {b) 5 inches. 

1 WL' 
64. (o) Max. deflection = -^ -^j' - '^^^^ '• (^) Points of contrary 

flexure = '289 L on either side of centre. 

55. Distributed load = 100 lbs. per square foot. 

56. B = 15,950,000 lbs. per sq. inch ; max. stress = 17'2 tons per sq. inch. 

57. Supporting forces 5-^ and 4^ tons; max. BM under the 6-ton 
load = 9f ton-feet. 

58. Let the safe flange stress be 6 tons per square inch, then it is pos- 
sible to use a plate 12 inches x g inch and two 4-inch x 4-inch x ^-inch 
angle-irons, riveted together with J-inoh rivets having a pitch of 4 inches. 

59. Assuming a dip of 30 feet, then the horizontal component of the pull 
in the wire ropes = 60 tons. 60. A = '077 inch. 

64. Weight = '8 ton ; /o = 1 "93 tons per square inch. 

65. Rolled steel joist, 6 inches x 3 inches x f inch. 

66. Work done = 705-6 inch-lbs., assuming E =2 x 10' lbs. per sq, inch. 



Lecture IV. — Ordinary. 

2. T R of hollow shaft : T R of solid shaft : : 1'26 : 1. 

3. Ultimate strength of wrought - iron shaft — 806$ lbs. ; cast • iron 
shaft = 476| lbs. 

8/HP 

7. Diameter = 68 '5. /• . Where N = revolutions per minute, /i = the 

intensity of stress where it is greatest — i. e. , at the outside of the shaft. 

8. H.P. = 82f. 

11. Greatest stress F = 4,184 lbs. per square inch (compression). 

12. D = 13'75 inches, d = 8'5 inches. 

13. Twisting moment = 1,413 lb. -feet. 

15. TM = 740 lb. -inches; /= 3,240 lbs. per square inch. 

16. Torque = 22,800 lb. -inches; H.P. = 54'2. 

17. Diameter of shaft = 3 25 inches ; H.P. = 123. 

18. Strengths 1 : 2 '1 and costs 1 : 1'65. 

20. Diameter, | to 1 inch. 21. D = 13 '5 inches. 

22. H.P. = 2,827-7 ; «° = 15'3°. 

23. Shearing stress /. = 3,258 lbs. per square inch ; 
Tensile stress /< = 4,887 lbs. per square inch. 
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Lecture IV.— Inst.C.E. 

2.1-55:1; 1-076:1. 4. 10-45H.P. 

9. D = 4 inches. 

10. /= 9,000 lbs. per square inch ; D = 2-3 inches. 

11. 810 Jbs. 

12. 0=301° 42' if C = 12 X 10« lbs. per square inch. 

13. -78 inch or g-inch bolts. 14. Thrust = 4 -5 tons. 
15. Strain = -001636. 16. TM = -622 ton-inch. 
17. Tensile stress = 2-5 tons per square inch. 
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Lbctubb I. — Inst.C.E. 



1. fn=faiT?6; ft = J/ain2fl, where is the angle which the plan 
makes with the axis. When = 20° ; fn= 1 '43 tons per square inch, and 
ft = 2 '48 tons per square inch. 

2. Least radius = 34 '7 feet; andmoment of resistance of a section = 1*472 
ton-inches. 

4. 1 inch diameter. 

5. Stresses in the steel rails are (i.) 8,000 lbs. per square inch; (ii.) 
12,000 lbs. per square inch. Temperature at which the induced stress 
reaches the elastic limit = 260° F. 

6. Sag at centre of span (i.) 15 "6 inches ; (ii.) 3 inches. 



Lecture II. — Inst.C.E. 

4. Bending moments at built-in end = SOJ ton-feet ; shearing force at 
built-in end = 9f tons ; shearing force at end support = 5g tons ; point of 
contrary flexure = 7J feet from wall. 

5. W = 1^ tons. 



Lecture III. — Inst.C.E. 

1. (6) Modulus of section = 500 (inch-units)". 

2. Shearing stress between the plates = '336 ton per square inch ; 
shearing stress between the inner plate and the joint close to the sup- 
ports =1 "046 tons per square inch. Suitable diameter and pitch for 
the rivets = 1 and 12 inches respectively. 

3. Least radius of gyration for the joist, A = 2i inches. Working load 
on column = 225 tons. 

11. Distributed load = 422 "6 tons per square foot. 

12. Intensity of shear stress at neutral axis = 8 -44 tons per square inch. 

17. Tangent of angle of slope = ■03. 

18. Deflection = 2,^ inches. 
J 9, Deflection = 1-08 inches, 
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Lectube IV. — Inst.C.E. 

1. Biameter of solid shaft = 13-86 inches. Eelative weights of the two 
shafts, -304 : 1. 

2. Diameter of mild steel shaft = 4J inches. 

3. Maximum stress = 2,378 lbs. per square inch. Twist in degrees of 
100 feet length of shafting = 18° 5'. 



Lecture VII. — Inst.C.E. 
2. Energy stored per unit volume, (i.) ~r^, and (ii.) ^. 



Lecture VIII. — Inst.C.E. 

1. Maximum stress at the ground section = 7 '3 tons per square inch; 
deflection at top of tube = 875 inch. 

5. Moment of inertia of section about its centre of gravity = 5 06 (inch- 
units)* ; moment of inertia for the axis at right angles to the former, 
I = 2-7 (inch-units)^ 
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THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, FEBRUARY, 1909. 



ELECTION OF ASSOCIATE MEMBERS. 



STRENGTH AND ELASTICITY OF MATERIALS. 
Not more than eight questions to he attempted by any Candidate. 

1. State oonoisely the meaning of the following terms : — Elastic limit, 
yield point, modulus of elasticity, resilience. 

2. A rolled steel joist 12 inches deep has a moment of inertia about the 
neutral axis parallel to the flanges of 375 '6 ; what is its " section modulus," 
and what distributed load could it carry when supported upon bearings 
10 feet apart if the stress in the extreme fibre did not exceed 8 tons per 
square inch ? 

3. A hard steel rod f inch diameter and 20 inches long was shortened by 
0'007 inch by a load of 2 tons ; what was the stress, the strain, and the 
modulus of elasticity ? 

M-y 

4. Derive from first principles the formula / = -^-^ when / = the unit 

stress within the elastic limit, M = the bending moment, y — the distance 
of the extreme fibre from neutral axis, and I = moment of inertia. State 
any assumption you make. ' 

5. A ball of steel falls 38 "82 feet upon a horizontal slab of the same 
material. Assuming the coefficient of restitution (or resilience) to be 0'7, 
how high will the ball rise after impact ? What is the ratio of kinetic 
energy just before and just after impact ? 

6. A steel bar 1 inch square is placed upon bearings 30 inches apart ; 
what load placed in the centre of the bar will deflect it 0'25 inch ? Assume 
the modulus of elasticity to be 30,000,000 lbs. per square inch. 

7. Sketch the appearance of the fracture of the following materials when 
crushed to destruction : — (o) A cube of cast iron, (6) a cube of wrought 
iron, (c) a cube of sandstone, {d) a piece of pine 2 inches long by 1 inch 
square placed on end. 

8. A steel shaft has to transmit 100 horse -power when running at 
300 revolutions per minute ; what must be its diameter if the stress in the 
extreme fibre does not exceed 6 tons per square inch ? 

9. It is frequently stated that the line of resistance in a masonry 
structure must not pass outside the "middle third": (a) To what form of 
section does this apply ? (6) What are the assumptions upon which the 
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statement is based ? (c) What is the corresponding limit of deviation in a 
structure of circular section ? Give the proof. 

10. Fill in the spaces left in the following table, indicating the properties 
of the various materials : — 



Material. 


Breaking Load. 


Extension 

in 
8 Inches. 


Modulus 

of 
Elasticity. 


Limits 

ot 

Elasticity. 


Tensile. 


Compressive. 


Steel bars, 
Wrought-iron bars, 
Cast iron. 
Brass, . 
Copper, . 
Concrete, 

Portland cement, . 
Pitch pine, . 













11. Sketch a machine for making tensile tests of steel up to 100 tons ; 
mark the leading dimensions. 

12. State the advantages and the disadvantages of the use of reinforced 
concrete for structural purposes, and explain the duty of each material in 
the compoimd material. 
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Citg antr ^niltrs of f ontron |ttstxtut£. 



DEPARTMENT OF TECHNOLOGY. 



TECHNOLOGICAL EXAMINATIONS, 

1909. 



For Genekal Instbuctioks, see Appendix A. 



46.— MECHANICAL ENGINEERING. 
Honours Grade (Written Examination). 

The Candidate is not expected to answer more than eight of the following 
questions, which must be selected from two sections only. 

Section B is given in the Author's Text-Book on Steam and Steam, 
Engines, including Turbines and Boilers, and Section C is given in Vol. 
IV., "Hydraulics." 

Section A. 
[Stresgth of Materials and Theory of Structures.] 

1. Give a brief account of the effects of stress beyond the elastic limit 
upon the structure of wrought iron and steel as shown by the microscope. 
Explain why it is that a specimen will ultimately fracture under the effects 
of repeated stresses, slightly exceeding the elastic Umit of the material. 

(C. &G., 1909, H.,Sec. A.) 

2. Show how to determine the maximum and minimum stresses on a 
section subjected to a direct stress and a bending moment. In a punching 
machine the punch has an overhang of 30 inches, and the section of the 
frame at the level of the punch is a box casting 20 inches deep and 10 inches 
wide, with a thickness of metal of 1 inch. Determine the maximum and 
minimum stresses on the section for a maximum pressure at the punch of 
10 tons. (C. & G., 1909, H., Sec. A.) 

3. Explain why it is that a small amount of steel reinforcement, suitably 
applied, enormously increases the strength of a concrete beam. A rein- 
forced concrete beam, having a breadth of 8 inches and a depth of 20 inches, 
is reinforced by three round steel rods 1 inch in diameter, set in the 
concrete at a distance of 2\ inches from the lower side. Taking the 
working stress of the concrete in compression as 500 lbs. per square inch, 
and neglecting its tensile resistance, determine approximately the moment 
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of resistance of the section. The modulus of the concrete is 2 x 10* and 
the modulus for steel is 3 x 10', both expressed in inches and lbs. 

(C. &G., 1909, H., Sec. A.) 

4. Determine the deflection of a beam of uniform cross-section, and of 
length I, when supported at both ends and loaded at the centre by a 
weight w. Also determine the deflection if this load is distributed 
uniformly along the beam. From your results prove that the load on a 
prop at the centre of a uniformly-loaded beam is five-eighths of the whole 
load when the central section of the beam is at the same level as the ends. 

(C. &G., 1909, H., Sec. A.) 

5. Show that when a shaft of length I and diameter d is twisted by a 
couple T, the angle of twist is expressed by the formula — 

32TZ 

where c is the modulus of rigidity of the material. A shaft 4 inches in 
diameter and turning at 400 revolutions per minute is found to twist 
through an angle of 1° in a length of 10 feet. Determine the horse-power 
transmitted if the value of c is 12 x lO" in lbs. and inch-units. 

(0. &G., 1909, H., Sec. A.) 

6. An overhead crane, to lift 40 tons, consists of two equal girders, one 
of which is shown in outline by the sketch. Determine the stresses in all 




the members of this girder, if the loading is taken to consist of two equal 
loads of 10 tons applied at the points A and B respectively. 

(C. &G., 1909, H., Sec. A.) 
7. Show that the hoop stress /at any radius r of a thick cylinder having 
an internal radius r^ and an external radius of r^ is expressed by the 
formula — 

where pi is the internal pressure. Draw a curve showing the hoop stress 
at any radius for a cylinder having an internal diameter of 8 inches and an 
eacternal diameter of 12 inches when the internal pressure is 3,000 lbs. per 
square inch. (C. & G. , 1909, H. , Sec. A. ) 
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APPENDIX D. 



EXAMINATION TABLES. 

USEFUL CONSTANTS. 

1 Inch = 25 °4 millimetres. 

1 Gallon = -1605 cubic foot = 10 lbs. of water at 62° F. . • . 1 lb. = -01609 
cubic foot. 

I Knot = 6080 feet per hour. 1 Naut = 60S0 feet. 

Weight of 1 lb. in London = 445,000 dynes. 

One pound avoirdupois = 7000 grains = 4536 grammes, 

1 Cubic foot of water weighs 62-3 lbs. 

1 Cubic foot of air at 0° C. and 1 atmosphere, weighs -0807 lb. 

1 Cubic foot of Hydrogen at 0° C. and 1 atmosphere, weighs -00557 lb. 

1 Foot-pound = 1-3562 x 10' ergs. 

1 Horse-power-honr = 33000 x 60 foot-pounds. 

1 Electrical unit = 1000 watt-hours. 

Joule's Equivalent to suit Eegnault's H, is O^* ^*-;}^^- = J oent.™''' 

1 Horse-power = 33000 foot-poonds per minute = 746 watts. 

Volts X amperes = watts. 

1 Atmosphere = 14-7 lb. per square inch = 2116 lbs. per square foot = 
760 m.m. of mercury = 10' dynes per sq. cm. nearly. 

A Column of water 2*3 feet high corresponds to a pressure of 1 lb. per 
square inch. 

Absolute temp., t = 6° 0. -I- 273°-7. 

Begnault's H = 606-5 + -305 6° 0, = 1082 + -305 6° F. 

p u •■»»" = 479 

BO 
log loi" =61007- J --^ 

where log ,„B = 3-1812, log ,„C = 5-0871, 

p is in pounds per square inch, t is absolute temperature Centigrade 
u is the volume in cubic feet per pound of steam, 

.. = 3-1416=1 =|g = 10(^-^2). 

One radian = 57*3 degrees. 

To convert common into Napierian logarithms, multiply by 2 '3026. 

The base of the Napierian logarithm is e = 2*7183. 

The value of g at London = 32-182 feet per second per seconii. 
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TABLE OF LOGARITHMS. 








1 


2 


3 


4 


S 


6 


7 


8 


9 


1 2 3 


4 5 6 


7 8 9 


10 


0000 


0043 


0086 


0128 


0170 


0212 


0253 


0294 


0334 


0374 


4 8 12 


17 21 25 


29 33 37 


n 

12 
13 


0414 
0792 
1139 


0453 
0828 
1173 


0492 
0864 
1206 


0531 
0899 
1239 


0669 
0934 
1271 


0607 
0969 
1303 


0645 
1004 
1335 


0682 
1038 
1867 


0719 
1072 
1399 


0755 
1106 
1430 


4 8 11 
3 7 10 
3 6 10 


16 19 23 
14 17 21 
13 16 19 


26 30 34 
24 28 31 
23 26 29 


14 
15 
16 


1461 
1761 
2041 


1492 
1790 
2068 


1523 
1818 
2095 


1563 
1847 
2122 


1584 
1875 
2148 


1614 
1903 
2175 


1644 
1931 
2201 


1673 
1959 
2227 


1703 
1987 
2253 


1732 
2014 
2279 


3 6 9 
3 6 8 
3 5 8 


12 16 18 
11 14 17 
11 13 16 


21 24 27 
20 22 26 
18 21 24 


17 
18 
19 


2304 
2553 
2788 


2330 
2577 
2810 


2365 
2601 
2833 


2380 
2626 
2866 


2405 
2648 
2878 


2430 
2672 
2900 


2455 
2695 
2923 


2480 
2718 
2945 


2604 
2742 
2967 


2629 
2766 
2989 


2 5 7 
2 5 7 
2 4 7 


10 12 16 
9 12 14 
9 11 13 


17 20 22 
16 19 21 
16 18 20 


20 


3010 


3032 


3054 


3076 


3096 


3118 


3139 


3160 


3181 


3201 


2 4 6 


8 11 13 


16 17 19 


21 
22 
23 


3222 
3424 
8617 


3243 
3444 
3636 


3263 
3464 
3655 


3284 
3483 
3674 


3304 
3602 
3692 


3324 
3522 
3711 


3345 
3541 
3729 


3365 
3560 
3747 


3385 
3579 
3766 


3404 
3598 
3784 


2 4 6 
2 4 6 
2 4 6 


8 10 12 
8 10 12 
7 9 11 


14 16 18 
14 15 17 
13 16 17 


24 
25 
26 


3802 
3979 
4150 


3820 
3997 
4166 


3838 
4014 
4183 


3356 
4031 
4200 


3874 
4048 
4216 


3892 
4065 
4232 


3909 
4082 
4249 


3927 
4099 
4266 


3945 
4116 
4281 


3962 
4133 
4298 


2 4 5 
2 3 5 
2 3 5 


7 9 11 
7 9 10 
7 8 10 


12 14 16 
12 14 16 
11 13 15 


27 
28 
29 

30 


4314 
4472 
4624 


4330 
4487 
4639 


4346 
4602 
4664 


4362 
4518 
4669 


4378 
4533 
4683 


4393 
4548 
4698 


4409 
4664 
4713 


4425 
4579 
4728 


4440 
4694 
4742 


4456 
4609 
4757 


2^5 
2 3 5 
13 4 


6 8 9 
6 8 9 
6 7 9 


11 13 14 
11 12 14 
10 12 13 


4771 


4786 


4800 


4814 


4829 


4843 


4857 


4871 


4886 


4900 


13 4 


6 7 9 


10 11 13 


31 
32 
33 


4914 
5051 
6185 


4928 
6065 
6198 


4942 
5079 
6211 


4966 
5092 
6224 


4969 
5105 
5237 


4983 
6119 
5260 


4997 
6132 
6263 


6011 
6145 
6276 


6024 
6159 
5289 


6038 
6172 
6302 


13 4 
13 4 
13 4 


6 7 8 
6 7 8 
6 6 8 


10 11 12 
9 11 12 
9 10 12 


34 
35 
36 


5315 
5441 
6563 


6328 
5453 
6575 


5340 
5465 
5687 


5353 

5478 
6599 


5366 
5490 
6611 


6378 
6502 
5623 


6391 
6514 
6636 


6403 
5527 
6647 


6416 
6539 
5658 


5423 
6661 
6670 


13 4 
12 4 
12 4 


5 6 8 

6 6 7 
5 6 7 


9 10 11 
9 10 11 
8 10 11 


37 
38 
39 


6682 
5798- 
5911 


5694 
5809 
6922 


6705 
6821 
6933 


5717 
6832 
6944 


5729 
5843 
6955 


6740 
6855 
6966 


6762 
6866 
6977 


6763 
6877 
6983 


6776 
6888 
5999 


6786 
5899 
6010 


12 3 
12 3 
12-3 


6 6 7 
6 6 7 
4 6 7 


8 9 10 
8 9 10 
8 9 10 


40 


6021 


6031 


6042 


6063 


6064 


6075 


6085 


6096 


6107 


6117 


12 3 


4 5 6 


8 9 10 


41 
42 
43 


6128 
6232 
6336 


6138 
6243 
6345 


6149 
6253 
6355 


6160 
6263 
6365 


6170 
•6274 
6376 


6180 
6284 
6385 


6191 
6294 
6395 


6201 
6304 
6405 


6212 
6314 
6415 


6222 
6326 
6425 


12 3 
12 3 
12 3 


4 5 6 
4 5 6 
4 5 6 


7 8 9 
7 8 9 
7 8 9 


44 
46 
46 


6435 
6632 
6628 


6444 
6642 
6637 


6454 
6551 
6646 


6464 
6561 
6656 


6474 
6671 
6665 


6484 
6680 
6675 


6493 
6690 
6684 


6603 
6599 
6693 


6513 
6609 
6702 


6522 
6618 
6712 


12 3 
12 3 
12 3 


4 5 6 
4 6 6 
4 6 6 


7 8 9 
7 8 9 
7 7 8 


47 
48 
49 


6721 
6812 
6902 


6730 
6821 
6911 


6739 
6830 
6920 


6749 
6839 
6928 


6768 
6848 
6937 


6767 
6857 
6946 


6776 
6866 
6955 


6785 
6875 
6964 


6794 
6884 
6972 


6803 
6893 
6981 


12 3 
12 3 
12 3 


4 6 5 
4 4 6 
4 4 6 


6 7 8 
6 7 8 
6 7 8 


60 

51 
52 
53 

54 


6990 


6998 


7007 


7016 


7024 


7033 


7042 


7050 


7059 


7067 


12 3 


3 4 5 


6 7 8 

6 7 8 
6 7 7 
6 6 7 


7076 
7160 
7243 


7084 
7168 
7251 


7093 
7177, 
7259 


7101 
7185 
7267 


7110 
7193 
7276 


7118 
7202 
7284 


7126 
7210 
7292 


7135 
7218 
7300 


7143 
7226 
7308 


7152 
7235 
7316 


12 3 
12 2 
12 2 


3 4 5 
3 4 6 
3 4 6 


7324 


7332 


7340 


7348 


7356 


7364 


7372 


7380 


7388 


7396 


12 2 


3 4 6 


6 6 7 
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1 


2 


3 


4 


5 


6 


7 


8 


9 


1 2 3 


4 5 6 


7 8 9 


65 


7404 


7412 


7419 


7427 


7436 


7443 1 7461 


7469 


7466 


7474 


12 2 


3 4 6 


6 6 7 


56 
67 
68 


7482 
7669 
7634 


7480 
7566 
7642 


7497 
7674 
7649 


7605 
7682 
7667 


7513 
7689 
7664 


7620 
7697 
7672 


7628 
7604 
7679 


7636 
7612 
7686 


7643 
7619 
7694 


7661 
7627 
7701 


12 2 
12 2 
112 


3 4 5 
3 4 6 
3 4 4 


5 6 7 

6 6 7 
5 6 7 


69 
60 
61 


7709 
7782 
7863 


7716 
7789 
7860 


7723 
7796 
7868 


7731 
7803 
7875 


7738 
7810 
7882 


7745 
7818 
7889 


7762 
7825 
7896 


7760 
7832 
7903 


7767 
7839 
7910 


7774 
7846 
7917 


112 
112 
112 


3 4 4 
3 4 4 
3 4 4 


5 6 7 

5 6 6 

6 6 6 


62 
63 
64 


7924 
7993 
8062 


7931 
8000 
8069 


7938 
8007 
8076 


7946 
8014 
8082 


7962 
8021 
8089 


7969 
8028 
8096 


7966 
8035 
8102 


7973 
8041 
8109 


7980 
8048 
8116 


7987 
8066 
8122 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


5 6 6 
5 5 6 
5 6 6 


65 


8129 


8136 


8142 


8149 


8166 


8162 


8169 


8176 


8182 


8189 


112 


3 3 4 


6 5 6 


66 
67 
68 


8196 
8261 
8325 


8202 
8267 
8331 


8209 
8274 
8338 


8215 
8280 
8344 


8222 
8287 
8361 


8228 
8293 
8367 


8236 
8299 
8363 


8241 
8306 
8370 


8248 
8312 
8376 


8254 
8319 
8382 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


5 5 6 

6 5 6 
4 5 6 


69 
70 
71 


8388 
8451 
8613 


8395 
8467 
8619 


8401 
8463 
8525 


8407 
8470 
8631 


8414 
8476 
8637 


8420 
8482 
8543 


8426 
8488 
8549 


8432 
8494 
8665 


8439 
8600 
8561 


8446 
8506 
8667 


1 1 2 

112 
112 


2 3 4 
2 3 4 
2 3 4 


4 6 6 
4 6 6 
4 6 6 


72 
73 

74 


8573 
8633 
8692 


8579 
8639 
8698 


8685 
8645 
8704 


8591 
8661 
8710 


8597 
8667 
8716 


8603 
8663 
8722 


8609 
8669 
8727 


8616 
8676 
8733 


8621 
8681 
8739 


8627 
8686 
8745 


112 
112 
112 


2 3 4 
2 3 4 
2 3 4 


4 5 6 
4 6 6 
4 6 5 


75 


8751 


8766 


8762 


8768 


8774 


8779 


8786 


8791 


8797 


8802 


112 


2 3 3 


4 5 5 


76 
77 
78 


8808 
8865 
8921 


8814 
8871 
8927 


8820 
8876 
8932 


8825 
8882 
8938 


8831 
8887 
8943 


8837 
8893 
8949 


8842 
8899 
8964 


8848 
8904 
8960 


8854 
8910 
8965 


8859 
8915 
8971 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 6 6 
4 4 6 
4 4 6 


79 
80 
81 


8976 
9031 
9085 


8982 
9036 
9090 


8987 
9042 
9096 


8993 
9047 
9101 


8998 
9053 
9106 


9004 
9068 
9112 


9009 
9063 
9117 


9015 
9069 
9122 


9020 
9074 
9128 


9025 
9079 
9133 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 6 
4 4 6 
4 4 6 


82 
83 

84 


9138 
9191 
9243 


9143 
9196 
9248 


9149 
9201 
9263 


9164 
9206 
9258 


9169 
9212 
9263 


9165 
9217 
9269 


9170 
9222 
9274 


9176 
9227 
9279 


9180 
9232 
9284 


9186 
9238 
9289 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 6 
4 4 5 
4 4 5 


85 


9294 


9299 


9304 


9309 


9316 


9320 


9325 


9330 


9335 


9340 


112 


2 3 3 


4 4 5 


86 
87 
83 


9346 
9396 
9446 


9360 
9400 
9460 


9365 
9405 
9455 


9360 
9410 
9460 


9365 
9416 
9466 


9370 
9420 
9469 


9376 
9425 
9474 


9380 
9430 
9479 


9385 
9435 
9484 


9390 
9440 
9489 


112 
Oil 
Oil 


2 3 3 
2 2 3 
2 2 3 


4 4 6 
3 4 4 
3 4 4 


89 
90 
91 


9494 
9542 
9690 


9499 
9547 
9595 


9604 
9652 
9600 


9509 
9567 
9606 


9613 
9562 
9609 


9618 
9566 
9614 


9523 
9571 
9619 


9528 
9676 
9624 


9633 
9681 
9628 


9638 
96S6 
9633 


Oil 
Oil 
Oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


92 
93 
94 


9638 
9686 
9731 


9643 
9689 
9736 


9647 
9694 
9741 


9652 
9699 
9745 


9667 
9703 
9750 


9661 
9708 
9754 


9666 
9713 
9769 


9671 
9717 
9763 


9675 
972B 
9768 


9680 
9727 
9773 


Oil 
Oil 
Oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


95 


9777 


9782 


9786 


9791 


9795 


9800 


9806 


9809 


9814 


9818 


Oil 


2 2 3 


3 4 4 


96 
97 
98 


9823 

9SC8 
991 a 


9827 
9872 
9917 


9832 
6877 
9921 


9836 
9881 
9926 


9841 
9886 
9930 


9846 
9890 
9934 


9860 
9804 
9939 


9864 
9899 
9943 


9869 
9903 
9948 


9863 
9908 
9962 


Oil 
Oil 
Oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


99 


995G 


9961 


9966 


9969 


9974 


9978 


9983 


9987 


9991 


9996 


Oil 


2 2 3 


3 3 4 
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TABLE OF ANTILOGARITHMS. 








1 1 2 


3 4 


5 


6 7 


s 


9 


1 2 3 


4 5 6 


7 8 9 


■00 


1000 


1002 


1006 


1007 


1009 


1012 


1014 


1016 


1019 


1021 


1 


111 


2 2 2 


•01 
■02 
■03 


1023 
1047 
1072 


1026 
1050 
1074 


1028 
1052 
1076 


1030 
1054 
1079 


1033 

1057 
1081 


1036 
1069 
1084 


1038 
1062 
1086 


1040 
1064 
1089 


1042 
1067 
1091 


1046 
1069 
1094 


1 
1 
1 


111 
111 
111 


2 2 2 
2 2 2 
2 2 2 


■04 
■05 
■06 


1096 
1122 
1148 


1099 
1125 
1151 


1102 
1127 
1153 


1104 
1130 
1166 


1107 
1132 
1159 


1109 
1135 
1161 


1112 
1138 
1164 


1114 
1140 
1167 


1117 
1143 
1169 


1119 
1146 
1172 


oil 
oil 
oil 


112 

112 
112 


2 2 2 
2 2 2 
2 2 2 


■07 
■08 
■09 


1175 
1202 
1230 


1178 
1205 
1233 


1180 
1208 
1236 


1183 
1211 
1239 


1186 
1213 
1242 


1189 
1216 
1246 


1191 
1219 
1247 


1194 
1222 
1260 


1197 
1225 
1253 


1199 
1227 
1256 


oil 
oil 

1 1 


112 
112 
112 


2 2 2 
2 2 3 
2 2 3 


•10 


1259 


1262 


1265 


1268 


1271 


1274 


1276 


1279 


1282 


1285 


oil 


112 


2 2 3 


■11 
■12 
■13 


1288 
1318 
1349 


1291 
13-21 
1352 


1294 
1324 
1355 


1297 
1327 
1368 


1300 
1330 
1361 


1303 
1334 
1366 


1306 
1337 
1368 


1309 
1340 
1371 


1312 
1343 

1374 


1316 
1346 
1377 


oil 
oil 
oil 


12 2 
1 2 2 
12 2 


2 2 3 
2 2 3 
2 3 3 


■14 
■15 
■16 


1380 
1413 
1445 


1384 
1416 
1449 


1387 
1419 
1452 


1390 
1422 
1455 


1393 
1426 
1459 


1396 
1429 
1462 


1400 
1432 
1466 


1403 
1435 
1469 


1406 
1439 
1472 


1409 
1442 
1476 


oil 
oil 
oil 


12 2 
12 2 
12 2 


2 3 3 
2 3 3 
2 3 3 


■17 
■18 
■19 


1479 
1514 
1549 


1483 
1517 
1562 


1486 
1521 
1556 


14S9 
1624 
1560 


1493 
1528 
1663 


1496 
1531 
1567 


1600 
1536 
1670 


1603 
1638 
1574 


1607 
1642 
1678 


1510 
1545 
1581 


oil 
oil 

1 1 


12 2 
12 2 
12 2 


2 3 3 

2 3 3 

3 3 3 


■20 


1585 


1589 


1592 


1596 


1600 


1603 


1607 


1611 


1614 


1618 


1 1 


12 2 


3 3 3 


■21 
■22 
■23 


1622 
1660 
1698 


1626 
1663 
1702 


1629 

1667 
1706 


1633 
1671 
1710 


1637 
1676 
1714 


1641 
1679 
1718 


1644 
1683 
1722 


1648 
1687 
1726 


1652 
1690 
1730 


1666 
1694 
1734 


oil 
oil 
oil 


2 2 2 
2 2 2 
2 2 2 


3 3 3 
3 3 3 
3 3 4 


■24 
■25 
•26 


1738 
1778 
1820 


1742 
1782 
1824 


1746 
1786 
1828 


1750 
1791 
1832 


1754 
1795 
1837 


1768 
1799 
1841 


1762 
1803 
1846 


1766 
1807 
1849 


1770 
1811 
1854 


1774 
1816 
1868 


oil 
oil 
oil 


2 2 2 
2 2 2 
2 2 3 


3 3 4 
3 3 4 
3 3 4 


■27 
■28 
■29 


1862 
1905 
1950 


1866 
1910 
1954 


1871 
1914 
1969 


1875 
1919 
1963 


1879 
1923 
1968 


1884 
1928 
1972 


1888 
1932 
1977 


1892 
1936 
1982 


1897 
1941 
1986 


1901 
1945 
1991 


oil 
oil 
oil 


2 2 3 
2 2 3 
2 2 3 


3 3 4 
3 4 4 
3 4 4 


■30 

■31 
■32 
■33 


1995 


2000 


2004 


2009 


2014 


2018 


2023 


2028 


2032 


2037 


oil 


2 2 3 


3 4 4 


2042 
2089 
2138 


2046 
2094 
2143 


2051 
2099 
2148 


2056 
2104 
2153 


2061 
2109 
2158 


2066 
2113 
2163 


2070 
2118 
2168 


2075 
2123 
2173 


2080 
2128 
2178 


2084 
2133 
2183 


oil 
oil 
oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


'34 
•35 
■36 


2188 
2239 
2291 


2193 
2244 
2296 


2198 
2249 
2301 


2203 
2254 
2307 


2208 
2269 
2312 


2213 
2265 
2317 


2218 
2270 
2323 


2223 
2276 
2328 


2228 
2280 
2333 


2284 
2286 
2339 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 5 
4 4 5 
4 4 5 


■37 
■38 
•39 

•40 

•41 
•42 
■43 


2344 
2399 
2455 


2360 
2404 
2460 


2355 
2410 
2466 


2360 
2415 
2472 


2366 
2421 
2477 


2371 
2427 
2483 


2377 
2432 
2489 


2382 
2438 
2495 


2388 
2443 
2600 


2393 
2449 
2606 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 5 
4 4 6 
4 6 6 


2512 


2618 


2523 


2529 


2635 


2541 


2547 


2553 


2669 


2664 


112 


2 3 4 


4 5 5 


2570 
2630 
2692 


2676 
2636 
2698 


2582 
2642 
2704 


2688 
2649 
2710 


2594 
2656 
2716 


2600 
2661 
2723 


2606 
2S67 
2729 


2612 
2673 
2736 


2618 
2679 
2742 


2624 
2685 
2748 


112 
112 
112 


2 3 4 

2 3 4 

3 3 4 


4 5 5 
4 5 6 
4 6 6 


■44 
■45 
■46 


2764 
2818 
2884 


2761 
2825 
2891 


2767 
2831 
2897 


2773 
2838 
2904 


2780 
2844 
2911 


2786 
2861 
2917 


2793 
2858 
2924 


2799 
2864 
2931 


2805 
2871 
2938 


2812 
2877 
2944 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


4 6 6 
6 5 6 
6 6 6 


■47 
■48 
■49 


2951 
3020 
3090 


2968 
3027 
3097 


2965 
3034 
3105 


,2972 
3041 
3112 


2979 
3048 
3119 


2986 
3065 
3126 


2992 
3062 
3133 


2999 
3069 
3141 


3006 
3076 
3148 


3013 
3083 
3156 


112 

112 
112 


3 3 4 
3 4 4 
3 4 4 


6 5 6 
6 6 6 
6 6 6 
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TABLE OF ANTILOGARITHMS.- 


-Ooniinued. 











1 


2 


3 


4 


5 


6 7 


8 


9 


1 2 3 


4 5 6 


7 8 9 


•60 


3162 


8170 


3177 


3184 


3192 


3199 


3206 


3214 


3221 


3223 


112 


3 4 4 


6 6 7 


-^1 
■53 


32E6 
3311 
3388 


3243 
3319 
3396 


3251 
3327 
3404 


3258 
3334 
3412 


3266 
S34S 
3420 


3273 
3350 
3428 


3281 
3367 
3436 


3289 
8366 
3443 


3296 
3373 
3461 


3304 
3381 
3469 


12 2 
12 2 
12 2 


3 4 6 
3 4 6 
3 4 6 


6 8 7 

5 6 7 

6 6 7 


•64 
•56 
•66 


3467 
8648 
3631 


3475 
3556 
3639 


3483 
3565 
3648 


3491 
3573 
3656 


3499 
3681 
3664 


3508 
3589 
3673 


3516 
3697 
3681 


3524 
3606 
8690 


3532 
3614 
3698 


3540 
3622 
3707 


12 2 
12 2 
12 3 


3 4 6 
3 4 6 
3 4 6 


6 6 7 
6 7 7 
6 7 8 


•67 
■68 
•69 


3715 
3802 
3890 


3724 
3811 
3399 


3733 
3819 
3908 


3741 
3828 
3917 


3750 
3837 
3926 


3768' 

3846 

3936 


3767 
3865 
3946 


3776 
3864 
3964 


3784 
3873 
3963 


3793 
3882 
3972 


12 3 
12 3 
12 3 


3 4 6 

4 4 6 
4 6 6 


6 7 8 
6 7 8 
6 7 8 


■60 


3981 


3990 


3999 


4009 


4013 


4027 


4036 


4046 


4056 


4064 


12 3 


4 6 6 


6 7 8 


■61 
•62 
■63 


4074 
4169 
4266 


4083 
4178 
4276 


4093 
4188 
4285 


4102 
419S 
4296 


4111 
4207 
4305 


4121 
4217 
1316 


4130 
4227 
4326 


4140 
4236 
4336 


4150 
4246 
4346 


4169 
4256 
4356 


12 3 
12 3 

12 3 


4 5 6 
4 5 6 
4 5 6 


7 8 9 
7 8 9 
7 8 9 


■ei 

■66 
■66 


4366 
4467 
4571 


4376 
4477 
4581 


4385 
4487 
4692 


4396 
4498 
4603 


4406 
4508 
4613 


4416 
4619 
4624 


4426 
4629 
4634 


4436 
4639 
4646 


4446 
4660 
4666 


4457 
4660 
4667 


12 3 
12 3 
12 3 


4 6 6 
4 5 6 
4 5 6 


7 8 9 
7 8 9 
7 9 10 


■67 
•68 
■69 


4677 
4786 
4898 


4688 
4797 
4909 


4699 
4808 
4920 


4710 
4819 
4932 


4721 
4831 
4943 


4732 
4842 
4965 


4742 
4863 
4966 


4763 
4864 
4977 


4764 
4875 
4989 


4775 
4887 
5000 


12 3 
12 3 
12 3 


4 5 7 
4 6 7 
6 6 7 


8 9 10 
8 9 10 
8 9 10 


■70 


6012 


6023 


6035 


6047 


5058 


5070 


6082 


5093 


5105 


6117 


12 4 


5 6 7 


8 9 11 


■71 
•72 
■73 


6129 
5248 
5370 


5140 
6260 
6383 


5162 
6272 
6395 


6164 
6284 
5408 


5176 
6297 
6420 


6188 
6309 
6433 


6200 
5321 
5445 


5212 
6333 

5458 


6224 
5346 
6470 


6236 
5368 
5483 


12 4 

12 4 

13 4 


5 6 7 

6 6 7 
5 6 8 


8 10 11 

9 10 11 
9 10 11 


•74 
■75 
■76 


6495 
6623 
6764 


6608 
6636 
6768 


6621 
5649 
6781 


6634 
6662 
5794 


6646 
6675 
6808 


6569 
5689 
6821 


5672 
6702 
6834 


5685 
6715 
5848 


5598 
5728 
5861 


6610 
5741 
6875 


13 4 
13 4 
13 4 


6 6 8 
6 7 8 
6 7 8 


9 10 12 
9 10 12 
9 11 12 


■77 
■78 
•79 


6888 
6026 
6166 


6902 
6039 
6180 


5916 
6063 
6194 


6929 
6067 
6209 


6943 
6081 
6223 


6957 
6096 
6237 


5970 
6109 
6262 


6984 
6124 
6266 


5998 
6138 
6281 


6012 
6162 
6295 


13 4 
13 4 
13 4 


5 7 8 

6 7 8 
6 7 9 


10 11 12 
10 11 13 
10 11 13 


■80 


6310 


6324 


6339 


6353 


6368 


6383 


6397 


6412 


6427 


6442 


13 4 


6 7 9J10 12 13 


•81 
•82 
'83 


6467 
6607 
6761 


6471 
6622 
6776 


6486 
6637 
6792 


6501 
6663 
6808 


6616 
6668 
6823 


6631 
6683 
6839 


6646 
6699 
6865 


6561 
6714 
6871 


6677 
6730 
6887 


6592 
6745 
6902 


2 3 6 
2 3 6 
2 3 5 


6 8 9 
6 8 9 
6 8 9 


11 12 14 
11 12 14 
11 13 14 


•84 
•86 
•86 


6918 
7079 
7244 


6934 
7096 
7261 


6960 
7112 
7278 


6966 
7129 
7296 


6982 
7145 
7311 


6998 
7161 
7328 


7015 
7178 
7345 


7031 
7194 
7362 


7047 
7211 
7379 


7063 
7228 
7396 


2 3 6 
2 3 6 
2 3 6 


6 8 10 

7 8 10 
7 8 10 


11 13 15 

12 13 16 
12 13 16 


•87 
•88 
•89 


7413 
7686 
7762 


7430 
7603 
7780 


7447 
7621 
7798 


7464 
7638 
7816 


7482 
7666 
7834 


7499 
7674 
7862, 


7616 
7691 
7870 


7634 
7709 
7889 


7551 
7727 
7907 


7668 
7745 
7925 


2 3 6 
2 4 5 
2 4 5 


7 9 10 
7 9 11 
7 9 11 


12 14 16 

12 14 16 

13 14 16 


•90 


7943 


7962 


7980 


7998 


8017 


8035 


8054 


8072 


8891 


8110 


2 4 6 


7 9 11 


13 16 17 


•91 
■92 
•93 


8128 
8318 
8611 


8147 
8337 
8631 


8166 
8356 
8561 


8186 
8376 
8570 


8204 
8395 
8590 


8222 
8414 
8610 


8241 
8433 
8630 


8260 
8463 
8650 


8279 
8472 
8670 


8299 
8492 
8690 


2 4 6 
2 4 6 
2 4 6 


8 9 11 

8 10 12 
8 10 12 


13 15 17 

14 16 17 
14 16 18 


■94 
•96 
•96 


8710 
8913 
9120 


8730 
8933 
9141 


8760 
8964 
9162 


8770 
8974 
9183 


8790 
8996 
9204 


8810 
9016 
9226 


8831 
9036 
9247 


8861 
9067 
9268 


8872 
9078 
9290 


8892 
0099 
9311 


2 4 6 
2 4 6 

2 4 6 


8 10 12 
8 10 12 
8 11 13 


14 16 18 
16 17 19 
16 17 19 


■97 
•98 
■99 


9333 
9660 
9772 


9354 
9672 
9795 


9376 
9694 
9817 


9397 
9616 
9840 


9419 
9638 
9863 


9441 
9661 
9886 


9462 
9683 
9908 


9484 
9705 
9931 


9606 
9727 
9954 


9528 
9750 
9977 


2 4 7 
2 4 7 
2 6 7 


9 11 13 
9 11 13 
9 11 14 


16 17 20 
16 18 20 
16 18 20 
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TABLE OP FUNCTIONS OF ANGLES. 






Angle 






















f« 




Sine. Ta 


ngent. 


Co-tangent. 


Cosine. 








Degrees. Rs 


diang. 














0° 





000 








00 


1 


1-414 


1-5708 


90» 


1 


0175 


017 


■0175 


0176 


57-2900 


-9998 




402 


1-5533 


89 


2 


0349 


035 


•0349 


0349 


28'6363 


-9994 




389 


1-5359 


88 


3 


0524 


052 


•0623 


0524 


19-0811 


-9986 




377 


1-6184 


87 


4 


0698 


070 


•0698 


0699 


14-3007 


■9976 




364 


1-6010 


86 


6 


0873 


087 


•0872 


0876 


11-4301 


■9962 




391 


1-4836 


85 


6 


1047 


105 


•1046 


1051 


9-5144 


■9946 




338 


1-4661 


84 


7 


1222 


122 


•1219 


1228 


8-1443 


■9925 




325 


1-4486 


83 


8 


1396 


140 


•1392 


1405 


7-1164 


■9903 




312 


1-4312 


82 


9 


1571 


167 


•1564 


1684 


6-3138 


■9877 




299 


i-as7 


81 


10 


1745 


174 


•1736 


1768 


6-6713 


■9848 




286 


1^3963 


80 


11 


1929 


192 


■1908 


1944 


5-1446 


■9816 




272 


1^3788 


79 


12 


2094 


209 


•2079 


2126 


4-7046 


■9781 




259 


1-3614 


78 


13 


2269 


226 


■2250 


2309 


4-3315 


■9744 




245 


1-3439 


77 


U 


2443 


244 


■2419 


2493 


4-0108 


•9703 




231 


1-3265 


76 


15 


2618 


261 


•2688 


2679 


3-7321 


■9659 




218 


1-3090 


75 


16 


2793 


278 


•2756 


2867 


3-4874 


■9613 




204 


1-2915 


74 


17 


2967 


296 


•2924 


3067 


3-2709 


■9663 




190 


1-2741 


73 


18 


3142 


313 


•3090 


3249 


3-0777 


■9511 




176 


1-2666 


72 


19 


3316 


330 


■3256 


3443 


2-9042 


■9465 




161 


1^2392 


71 


20 


3491 


347 


■3420 


3640 


2-7475 


■9397 




147 


1-2217 


70 


21 


3665 


364 


■3684 


3839 


2-6051 


■9336 




133 


1-2043 


69 


22 


3840 


382 


■3746 


4040 


2-4761 


■9272 




118 


1-1868 


68 


23 


4014 


399 


•3907 


4246 


2-3659 


■9205 




104 


1^1694 


67 


24 


4189 


416 


•4067 


4462 


2-2460 


■9135 




089 


1-1619 


66 


25 


4363 


433 


•4226 


4663 


2-1445 


■9063 




075 


1-1345 


65 


26 


4538 


460 


•4384 


4877 


2-0603 


■8988 




060 


1-1170 


64 


27 


4712 


467 


•4540 


5095 


1-9626 


■8910 




045 


1-0996 


63 


28 


4887 


484 


•4695 


6317 


1-8807 


■8829 




030 


1-0821 


62 


29 


5061 


601 


•4848 


6543 


1^8040 


■8746 




015 


1-0647 


61 


30 


5236 


518 


•6000 


6774 


1^7321 


■8660 




000 


1-0472 


60 


31 


5411 


534 


•6160 


6009 


1^6643 


■8572 




985 


1-0297 


69 


32 


5585 


561 


•6299 


6249 


1-6003 


•8480 




970 


1-0123 


68 


33 


5760 


568 


•5446 


6494 


1-5399 


•8387 




964 


■9948 


67 


34 


5934 


585 


■5592 


6745 


1-4826 


•8290 




939 


•9774 


66 


35 


6109 


601 


•6786 


7002 


1-4281 


•8192 




923 


•9599 


55 


38 


6283 


618 


■5878 


7265 


1^3764 


■8090 




908 


•9426 


64 


37 


6458 


635 


•6018 


7536 


1^3270 


■7986 




892 


■9250 


53 


38 


6632 


651 


•6157 


7813 


1^2799 


■7880 




877 


■9076 


62 


89 


6807 


668 


•6293 


8098 


1-2349 


■7771 




861 


•8901 


61 


40 


6981 


684 


•6428 


83»1 


1-1918 


■7660 




845 


•8727 


60 


41 


7166 


700 


■6561 


8693 


1-1504 


■7547 




829 


•8652 


49 


42 


7330 


717 


■6691 


9004 


1-1106 


■7431 




813 


•8378 


48 


43 


7605 


733 


■6820 


9325 


1-0724 


■7314 




797 


-8203 


47 


44 


7679 


749 


■6947 


9657 


1-0355 


•7193 




781 


•8029 


46 


45° 


7854 


765 


■7071 1 


0000 


1-0000 


•7P71 


■765 


■7854 


45° 








Cosine. Co- 


tangent. 


Tangent. 


Sine. 


Chord. 


Kadians. 


Degrees. 






















Ang 


1e. 
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THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, OCTOBER, 1909. 



ELECTION OF ASSOCIATE MEMBERS. 



STRENGTH AND ELASTICITY OF MATERIALS. 
Not more than bight questions to he attempted by any Candidate. 

1. A timber beam of 12 feet span is supported at both ends ; it is 8 
inches deep and 14 inches wide, and carries a brick wall 14 inches thick. 
Find what height of wall it can carry if the maximum stress in the beam 
is to be 800 lbs. per square inch, and the weight of brickwork is 125 lbs. 
per cubic foot. 

2. Draw to scale the stress-strain diagram of a tensile test of a steel bar, 
1 inch square, and having an ultimate strength of 30 tons per square inch. 
Explain the meaning of the different parts of the diagram. 

3. A load of 3 tons is hung from a round steel rod j inch in diameter 
and 40 feet long. How much will the rod stretch if its modulus of 
elasticity be 13,000 tons per square inch? 

4. A rolled steel joist, 8 inches deep, whose moment of inertia is 55'7 (in 
inch units), is laid on bearings 10 feet apart, and carries a load of 7 tons 
uniformly distributed. What is its maximum fibre stress, and what is 
its central deflection if the modulus of elasticity be 14,000 tons per square 
inch? 

5. In a certain girder a steel flat bar tension member, 10 inches wide and 
J inch thick, carries a load of 30 tons ; it is attached to a gusset by a butt 
joint with two cover plates, rivets of f inch diameter being used. Give a 
dimensioned sketch of the riveting you would propose, and explain fully 
your reason for the number of rivets, pitch, lap, and thickness of cover 
plate which you adopt. Assume the following as limiting stresses, 5 '5 tons 
per square inch in shearing for rivets, 11 '0 tons per square inch in bearing 
for plates, 6 '5 tons per square inch in tension for plates. 

6. Derive the formula for the torsional resisting moment of a solid 
cylindrical shaft. What will be the maximum fibre stress of a 3-inch shaft 
transmitting 100 H.P. at 300 revolutions per minute? 

7. Rankine's formula for the crippling load P of a round-ended column 
of cross-sectional area A is 

P / 

where I denotes the length of the column and k the radius of gyration of 
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the section, also a==-=frp: and/=48,000 lbs. per square inch for mild steel. 

Use this formula to find the crippling load of a round-ended column made 
of a 10 X 8 inch rolled steel joist whose least moment of inertia is 71 '6 in 
inch units, and whose area is 20 '6 square inches. 

8. A cylindrical steel tank, 30 feet in diameter, is to be filled with water 
to a depth of 12 feet. What is the thickness of plate and what riveting in 
the vertical joints would you adopt for the bottom ring of plate ? (Weight 
of water = 62 J lbs. per cubic foot.) 

9. What is the least internal radius to which a flat bar J inch thick can 
be bent so that the maximum stress does not exceed 7 tons per square 
inch, taking the modulus of elasticity at 14,000 tons per square inch ? 

10. Derive from first principles the moment of resistance of a rectangular 
beam. (Breadth = 6, depth = d. ) 

11. Describe the effects produced by the several processes of hardening, 
tempering and annealing upon the physical properties of steel containing 
various percentages of carbon, from the point of view of the use of the 
material for engineering purposes. 

12. State the physical conditions and phenomena to be determined or 
observed in the practical examination of Portland cement, and the methods 
of testing it, giving an outline sketch of some common form of machine for 
determining its tensile strength. 
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THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, FEBRUARY, 1910. 



ELECTION OF ASSOCIATE MEMBERS. 



STRENGTH AND ELASTICITY OF MATERIALS. 
Not more than eksht questions to he attempted by any Candidate. 

1. State concisely the meaning of the following terms : — Stress ; strain ; 
modulus of elasticity ; yield point. How is the yield point of steel aileoted 
by repeated straining and by annealing ? 

2. Give a general description of a modern 50-ton testing-machine ; and 
sketch out an extensometer for use in such a machine. 

3. A 12-inoh x 12-inch balk of timber spans an opening of 14 feet. What 
wiU be the weight per foot run of an evenly distributed load which produces 
a maximum fibre stress of 700 lbs. per square inch ? and how much wiU 
the balk deflect under this load if its modiilus of elasticity be 1,500,000 lbs. 
per square inch ? 

4. A round steel suspension-rod 42 feet 4 inches long and If inch diameter 
is stretched 0'253 inch by a certain load. What is this load if the modulus 
of elasticity be 28,750,000 lbs. per square inch ? 

5. A 10-inoh x 6-inch steel bulb tee, whose moment of inertia is 122"278 
(in inch units) and centre of gravity is 3-881 inches from the outside face 
of its table, spans an opening of 14 feet 6 inches. What load must be 
concentrated at its mid span in order to produce a maximum fibre stress 
of 6J tons per square inch ? 

6. A steel cylindrcial air-receiver of 67 inches diameter is to carry a 
pressure of 90 lbs. per square inch ; what thickness of plate would you use 
for the shell, and what diameter, pitch, and arrangement of rivets in the 
longitudinal joints, if these are lap joints, double riveted, and if the stresses 
are limited to 14,500 lbs. per square inch in tension, 12,500 lbs. in shear, 
and 25,000 per square inch in bearing area ? Sketch out your arrangement 
of riveting, and state the actual stresses you would have in tension, shear, 
and bearing. 

7. A solid cylindrical steel shaft of 4 inches diameter and running at 
200 revolutions per minute transmits 150 H.P. What will be its angle 
of twist (in degrees) in a length of 46 feet, if the modulus of shear be 
11,500,000 lbs. per square inch ? 

8. A 10-inch x 6-inch steel-rolled joist used as a strut is subjected to a 
compression stress of 50 tons acting along an axis lying in the centre line 
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of its web, and 3 inches from the outer face of one flange. Find the maximum 
fibre stress produced. Moment of inertia = 211'614 (in inch imits) and 
area = 12'358 square inches. 

9. Describe the effect produced upon the ultimate strength of steel by 
repeated stresses (a) when reversed from compression to tension, (6) when 
varied between two tensions. 

10. A steel bolt If inch diameter is passed through a cast-iron pipe of 
2 inches internal and 3 inches external diameter, and 20 inches long, and 
the nut is, screwed up until head and nut bear lightly on the pipe. Find 
how much more the nut must travel along the bolt in order to put a com- 
pression of 4 tons per square inch on the pipe, taking the modulus of elasticity 
at 29,000,000 lbs. for steel and 14,000,000 lbs. for cast iron. 

11. If a cast-iron t«st bar exactly 2 inches deep, 1 inch wide and 36 inches 
between points of support breaks with a central load of 3,340 lbs., what 
should be the breaking weight of another test bar of the same quality but 
1-92 inches deep, 0"97 inch wide, and 35 -4 inches between points of 
support ? 

12. A wiought-iron rod 50 feet long and | inch diameter has to arrest 
a weight of 600 lbs. falling through a distance of 6 inches. What will be 
the maximum stress per square inch imposed thereby on the tie-rod ? 
Modulus of elasticity = 27,000,000 lbs. per square inch. 
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STAGE 2.+ 
Instructions. 



Vou must not attempt more than eight questions in all, including Nos. 31 
and 32 — that is to say, although 31 and 32 are not compulsory, you are not 
allowed to take more than six questions in addition to Nos. 31 and 32. 

31. Describe, with the help of good sketches, only one of the following, 
{a), (6), (c), or {d) : — (o) A mortar-mixing machine. (6) The method of 
securing the cutting chuck into the cutter blocks of a wood-planing machine, 
(c) Any form of friction clutch suitable for use with a speed cone or reversing 
pulleys, (d) Any form of vernier calliper suitable for measuring the dimen- 
sions of a test-bar to the nearest thousandth of an inch. 

(B. of E., S. 2, Div. a, 1910.) 

32. Answer only one of the following, {a), (5), or (c) : — (o) Two of the tests 
specified in order to determine the quality of Portland cement are the 
determination of the tensile strength of (i.) a mortar of neat cement, (ii.) 
a mortar with sand. Describe carefully how the specimens would be 
made and tested. (6) You are supplied with a length of steel wire J inch 
in diameter. You are asked to find (i.) Young's modulus for the material, 
(ii.) the limit of elasticity, and (iii.) the breaking stress. Explain how you 
would carry out the test, (c) You wish to know the strength and stiffness 
of a Ir.rge timber beam. It is to be built in at the ends ; to be about 20 feet 
long between the supports ; to be, say, 10 inches broad and 12 inches deep. 
You, therefore, test a small beam of the same kind of timber; describe 
exactly how you would make the test, and how you would use your results. 

(B. of E., S. 2, Div. a, 1910.) 
33 Prove that the tendency of a long oylindric boiler or pipe to burst 
laterally is twice as great as its tendency to burst endwise 

(B of E., S. 2, Div. u, 1910.) 

35. Let the length of a strut divided by the diameter of its section be 

called X. Tests were made on a set of oast-iron struts all of the same section 

* Students are referred to Vols. I., IV., and V. for Questions under 
Div. (6) Machines and Hydraulics. 

t See Vol. III. — Theory of Structures — for Questions 34, 36, 40 to 45, 53, 
54, 56, 57, and 59. 
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but of different lengths, with the following results. W is the maximum 
load carried : — 



X 


10 


15 


20 


25 


30 


W 


64,000 


53,500 


44,800 


33,700 


24,100 



Plot a, curve showing how the strength depends upon x. What is the 
maximum load when the length is 18 times the diameter ? We see that 
the strength of a strut does not depend merely on its cross-section ; in 
this a strut differs from a tie-rod ; what is the reason for this difference ? 

(B. of E., S. 2, Div. a, 1910.) 

37. State briefly, giving figures, what is known about the fatigue of 
materials — ^that is, the effect of repeated loading and unloading or the 
efiect of continually reversing the nature of the loading. 

(B. of E., S. 2, Div. a, 1910.) 

38. A shaft of 3 inches diameter gets a twist of 10° for a twisting moment 
12, and it yiMa with a twisting moment 18 ; what angular twist will be 
produced in a shaft of the same length, of 4 inches diameter, by a twisting 
moment 10, and what twisting moment will cause yielding ? 

(B. of E., S. 2, Div. a, 1910. )- 

39. Answer one. only of the following questions, (o) or (6) : — (a) Describe 
briefly, sketches are hardly needed, how Portland cement is manufactured. 
Give a reason for each part of the process. What is your notion of what 
occurs (i.) when cement sets, (ii.) when it slowly hardens as it gets older? 
(6) Describe briefly, sketches are hardly needed, how any kind of steel 
used for girders is manufactured. Give a reason for each part of the process. 

(B. of E., S. 2, Div. a, 1910.) 



STAGE 3. 

You m/uat not atte/nvpt more, than eight questions in all, including Nos. 51 
and 52 — that is to say, although 51 and 52 are not compulsory, you are not 
allowed to take more than six questions in addition to Nos. 51 and 52. 

51. Describe, with the ^elp of neatly drawn sketches, which should be 
roughly to scale, only one of the following, (a), (h), (c), or {d) : — (a) Any 
form or vernier calliper, suitable for measuring dimensions to the nearest 
TT^ooth inch. Show carefully how the vernier is divided. (6) A mortar 
or concrete mixing machine driven by steam power, (c) Any form of crane 
suitable for use in connection with the erection of lofty buildings. Explain 
carefully how the jib is luffed and slewed, (d) Any form of multiple drilling 
machine, such as is used in bridge-building yards. Explain how motion 
is transmitted to the drills, and how the pitch of the holes can be varied. 

(B. of E., S. 3, Div. a, 1910.) 

52. Answer only one of the following, (a), (6), or (c) : — (o) You are given a 
strip of mild steel plate, and you are requested to carry out the ordinary 
commercial tensile tests ; state exactly what apparatus you would need, 
what measurements you would make, and what results you would expect 
to obtain. (6) State carefully how you would prepare the briquettes for 



B. OP E. QUESTIONS. 256y 

tensile tests of neat cement, and of sand and cement mortar. If the 
briquettes were broken seven days after having been made, what results 
would you expect to obtain ? Explain also the method of making the 
" blowing " test, (c) You are given a piece of 1-inch diameter mild steel 
bar, and you are requested to determine the modulus of rigidity for the 
steel ; explain how you would do this. What numerical value would you 
expect to obtain ? (B. of E., S. 3, Div. a, 1910.) 

55. Give Euler's theory of the strength of struts. How do experimental 
results agree with 'the theory ? Why is there any discrepance ? How is 
it that we have fairly good working formula for the strength of struts in 
spite of this discrepance ? (B. of E., S. 3, Div. a, 1910.) 

58. A vertical shaft, 2 inches diameter, of length 5 feet, has a wheel of 
1,610 lbs. keyed to its middle. The distance of the centre of gravity of 
the wheel from the axis of rotation being called x, let x be '001 foot when 
the wheel is not rotating. What is x when the speed is a radians per second ? 
What is the critical value of a ? When the shaft is run at 10 per cent., 
400 per cent., and 900 per cent, greater speeds than the critical, what is 
X ? Take Young's modulus as 3 x 10' lbs. per square inch. Neglect 
the stiffness of the fastening of wh- el and shaft. 

(B. of E., S. 3, Div. a, 1910.) 

60. A round shaft is subjected to a bending moment M, what is the 
greatest compressive stress ? It is subjected to a twisting moment T, 
what is the greatest shear stress ? What are the principal stresses Pi and 
j>2 in the material ? There is a theory which asserts that for any material 
the condition of yield is pi + ap.^ = 6, where a and 6 are constants for a 
particvdar material ; what is this condition when we express it in terms of 
M and T ? (B. of E., S. 3, Div. u, 1910.) 

61. A rectangular timber beam, supported at the ends, is of uniform 
section from end to end, and it carries » uniformly distributed load. If 
the working intensity of stress in the wood is not to exceed 2,000 lbs. per 
square inch, and if the modulus of elasticity of the wood is 1,700,000 lbs. 
per square inch, determine the ratio of depth of cross-section of beam to 
span of beam in order that the deflection may not exceed 3^^ 5th part of 
the span. (B- of E., S. 3, Div. a, 1910.) 

62. A ferro-ooncrete column is 14 inches square in cross-seciion ; the 
main reinforcement consists of four longitudinal 2-inch diameter round 
steel rods, one rod being placed close to each angle of the cross-section. 
The value of E (Young's modulus) for the steel is 29,000,000 lbs. per square 
inch, and for the concrete 3,000,000 lbs. per square inch. If a gross com- 
pressive load of 60 tons is supported by this column, what is the gross 
load and the compressive stress per square inch in (a) the concrete, (6) the 
reinforcing bars ? ^ (B. of E., S. 3, Div. a, 1910.) 
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